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Preface 
 
 
The work presented in this thesis was carried out at the Solid-State Research Laboratory, 
Department of Physics, University of Kashmir, Srinagar. Due to the large applicability of rare 
earth oxalate crystal, it was thought with an aim of this thesis to investigate how to grow and also 
to characterize some of the rare earth oxalate crystals for scientific investigations by a very 
simple and inexpensive technique, gel diffusion technique. 
The thesis is divided into five chapters. First chapter gives an introduction to crystals and 
a brief overview of crystallization processes and different techniques of growing crystals, the 
main emphasis has been put on gel diffusion method. 
Chapter second consists of experimental techniques used for the characterization of 
samples, such as powder X-ray diffraction (XRD), Energy-Dispersive Analysis of X-rays 
(EDAX), Thermal methods (TGA, DTA) etc. Chapters third and fourth discuss the growth and 
characterization of the holmium oxalate heptahydrate crystals and Holmium barium oxalate 
crystals respectively. Chapter five gives summary and future scope of the present work. 
References to the literature are mentioned at the end of each chapter. 
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                                                 CHAPTER 1 
   
CRYSTAL GROWTH THEORY AND TECHNIQUES: A Brief Introduction 
 
 1.1 Introduction 
 Material science is an integration of physics, chemistry, crystallography, metallurgy, 
ceramics and glass technology. The need for new materials has resulted in the breakdown of 
many traditional barriers. The number of scientific and technologically important materials has 
increased tremendously in a few decades. Crystals are the unknown pillars of modern 
technology. The modern technological developments depend greatly on the availability of 
suitable single crystals, whether it is for solid state lasers, semiconductors, ferrites, magnetic 
garnets, magnetic devices, optical devices, superconductors, telecommunication etc. Good 
single crystals are essential for a variety of scientific and commercial purposes. The reason for 
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growing single crystals is that many physical properties of solids are complicated by the effect 
of grain boundaries.  In spite of great technological advancements in the recent years, we are 
still in the early stage with respect to the growth of several important crystals such as diamond, 
silicon carbide, gallium nitride and so on. Unless the science of growing these crystals 
understood precisely, it is impossible to grow them as large single crystals to be applied in 
modern industry. Hence today’s demand is to grow large single crystals with high purity and 
symmetry. Solid state electronics is based on the crystal growth revolution which has made 
possible the commercial scale growth of large dislocation free crystals of silicon and GaAs, the 
production of rods of laser materials like ruby and sapphire. Highly perfect crystals of sodium 
chloride, lithium fluoride and some organic compounds are needed for optical and x-ray 
spectrometry and use in equipment’s like electron probe micro analysis. Crystals find the wide 
application in different number of devices such as frequency controlled oscillators, polarizers, 
transducers, transistors, ultrasonic amplifiers, radiation detectors, magnetic devices, masers 
and lasers. 
           Crystal growth is basically a process of arranging atoms, ions, molecules, or molecular 
assemblies into regular three-dimensional periodic arrays. However, in real crystals the perfect 
regularity has been never found. This is due to the presence of different kinds of local disorder 
and long-range imperfections such as dislocations, that why crystals are often polycrystalline in 
nature. During the recent years, crystal growth techniques and characterization tools have 
advanced greatly. This has enabled the growth and characterization of a large variety of 
technologically important crystals. Crystal growth can be treated as an important branch of 
materials science leading to the formation of technologically important materials of different 
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sizes. Hence, it covers crystals from bulk to small and even to fine, ultrafine and nanoscale sizes. 
In this respect, crystal growth has a close relationship with crystal engineering, and also 
polyscale crystal growth is relevant. This concept becomes even more relevant with progress 
achieved in nanotechnology, where in the size effect explains changes in the physical properties 
of crystalline materials with size. A series of crystals grown by several researchers with the aim 
of identifying new materials for practical and industrial purposes have been reported in the 
literature [1-5]. 
1.2 Various Crystal Growth Techniques  
             The methods of growth for obtaining single crystals may be classified according to their 
phase transition i.e., liquid phase, solid phase and the vapor phase. Though there are so many 
methods for growing crystals, no method can be called an ideal method. For instance yttrium 
iron garnet (YIG)  does not melt congruently , CaCO3 and SiC decompose before they melt  and 
SiO2  undergoes a solid state phase transformation between the  melting point and room 
temperature , thus no kind of single crystals of these materials can been grown from the melt. 
Similarly rare earth oxalates show very poor solubility in water (10-3 – 10-4mol L-1) because rare 
earth ions form insoluble precipitates with oxalate ions. They decompose before melting and 
do not vaporize or sublime. That is why to grow single crystals of these materials; gel diffusion 
method using   the chemical reaction at a controlled rate may be employed. Therefore the 
choice of growth method for a particular crystal depends upon the material of which it is made. 
It has been reported in the literature that the crystal growth methods can be divided into four 
main categories based on the phase transitions involved in the process [6-9]. 
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1.2.1 Growth from Solution 
      The growth of crystals from solution is more widely used than other methods 
because it requires lower temperature and can lead to lower density of lattice defects. This 
method is used for substances that melt congruently and decompose below the melting 
point. Growth of crystals from solution methods is mainly due to diffusion controlled 
process.  Super- saturation is an important parameter for the solution growth process. The 
super- saturation may be achieved by lowering the temperature of the solution or by the 
slow evaporation. The growth of rare earth compounds [10,11], rare earth based salts      
[12-14], metallic, nonmetallic and ferroelectric crystals [15,16]  have  been reported  by  
solution methods . Crystals of non- linear optical materials [17, 18] and crystals of biological 
macromolecules [19-22] grown by using this method is also reported in the literature. The 
solution growth can be further subdivided in to various techniques.     
         i)Gel diffusion technique. 
        ii) Hydrothermal growth. 
       iii) Temperature differential method. 
       iv)Solvent evaporation technique.  
       v) Growth from flux. 
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1.2.2 Growth from Melt 
      Melt growth of crystals is absolutely the most popular method of growing large single 
crystals at relatively high growth rates. All the materials can be grown in single crystal form 
melt, if they melt congruently, and do not decompose before melting and do not undergo 
phase transition between melting point and room temperature. This method is used for 
commercial purposes because of higher growth rate than other methods. Alkaline earth halides 
and non-linear optical crystals [23-26] and ferroelectric and non-linear optical materials [27,28] 
were also reported in the literature by this method. Various melt growth methods are as below. 
       i)  Vertical Bridgeman method. 
       ii)    Horizontal Bridgeman method. 
       iii)   Czochralski pulling technique. 
        iv)    Zone melting method. 
         v)    Float zone method.    
1.2.3 Growth from vapour 
        Crystallization from vapour phase is broadly used for growing bulk crystals, epitaxial 
films, thin coatings and platelet crystals. The main advantage of this method is that it does 
not involve the contact of the growing surface with a liquid or solid phase. The two different 
methods of vapour growth are physical vapour transport and chemical vapour transport. 
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The physical vapour transport technique is used to prepare various crystals and epitaxial 
films [29-32]. The vapour growth can be further subdivided in to various techniques.  
i) Chemical vapour transport method. 
ii) Molecular beam  epitaxy. 
iii) Growth by sublimation. 
1.2.4 Growth from solids  
          The solid state growth technique is basically controlled by atomic diffusion, which 
is usually very slow except in the case of fast ionic conductors or supersonic conductors. In 
this method single crystals are obtained by the preferential growth of a polycrystalline 
mass. Large crystals of several materials, especially metals have been grown by this method 
is reported in the literature [33]. Recently it has been reported in the literature that certain 
rare earth compounds were grown by using solid state growth technique [34]. The solid 
growth can be further subdivided in to various techniques.  
i) Annealing techniques. 
ii) Sintering and hot pressing. 
1.3 Classical theory of nucleation   
     Crystallization process consists of two basic steps namely nucleation and growth. 
Nucleation is one of the two major mechanisms of the first order phase transition, the process 
of generating a new phase from an old phase whose free energy has become higher than that 
of the emerging new phase. Nucleation occurs by the formation of small embryos of the new 
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phase inside the large volume of the old phase. Growth of a crystal is basically a phase 
transformation. The formation of the new phase is always associated with the appearance of 
nucleus of definite volume and the boundary separating the old phase and new phase. The 
minimum amount of new phase capable of independent existence is called a nucleus. Therefore 
nucleation is the formation of crystal nuclei or stable crystalline phase in the crystallizing 
system. The crystalline solids subsequently grow to visible size. The rates of nucleation and 
growth determine the characteristics of the ultimate product. 
 Nucleation or the birth of new crystals is the formation of a solid phase from a liquid, 
which can be in the form of solution or melt. The newly formed crystals then grow larger. The 
nucleation and growth are only possible if the solution is either supersaturated or undercooled. 
Nucleation may occur spontaneously or it may be induced artificially. Based on this, nucleation 
is classified in to homogenous and heterogeneous nucleation.   
1.3.1 Homogenous nucleation  
           Homogeneous nucleation involves the spontaneous formation and subsequent growth of 
small particles of the new phase. Homogeneous nucleation occurs when there are no 
heterogeneous nuclei present. Homogenous nucleation occurs in a crystallizing solution in the 
absence of solute crystals or seed crystals and takes place at relatively very high super-
saturation.   As super saturated solution is not in equilibrium , there are fluctuations  in local 
concentrations which gives rise to the formation of small  and unstable molecular aggregates 
called clusters and these clusters are continuously forming and falling apart. It is assumed that 
clusters are formed by addition mechanism of growth units. As addition continues the cluster 
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grows until a critical size is reached. Clusters of critical size can formed in supersaturated 
solutions where the size is inversely dependent on the level of super-saturation. Higher the 
super-saturation smaller is the critical size of the cluster. 
Size of nucleus  
         A theory for the formation of a nucleus was put forward by Volmer and Weber [35], by 
considering the total free energy of atoms. They assumed that the change in free energy when 
a cluster of atoms of the new phase is formed could be described by two contributions, one 
from the decreased free energy associated with the formation of the new phase, and the other 
from the surface tension of the small cluster. Assuming that the cluster of atoms of the new 
phase is a sphere of radius r, the change in free energy when the cluster forms can be written in 
terms of these two contributions:  
∆G = 

 πr3 ∆Gv + 4 πr
2σ    (1.1) 
 Were ∆Gv is the change in free energy per unit volume associated with the 
transformation and σ   is the surface tension or specific surface free energy. The Gibbs free 
energy diagram for homogeneous nucleation showing free energy changes versus cluster size 
as shown in fig. 1.1. The total surface area of the cluster increases as r2, and the volume free-
energy term decreases as r3. The magnitude of the volume term depends on the under-cooling. 
For a finite under-cooling, the volume free-energy term will dominate for large radius: a large 
enough crystal will grow. Very small crystals can reduce their free energy by shrinking. The 
transition between these two regions is at the maximum in the total free-energy curve, which 
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occurs at the critical radius r*. The value of r*, which is the radius corresponding to the 
maximum in the free energy is given by:  
      
 ∆	

 
= 0 = -4πr2∆Gv   +   8πrσ   (1.2) 
 
 
Fig.1.1 Gibbs free energy for homogeneous nucleation showing free energy changes versus 
cluster size. 
So that the critical radius is given by  
                                         r* =

∆
       (1.3)                            
The nuclei with radius less than r* will dissolve and no further growth is possible and those with 
radius longer than r* will continue to grow reducing the free energy of the system. 
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From equation (1.3) it is obvious that the value of r*decreases with decreasing σ and increasing 
∆Gv ,that is  super saturation and super-coiling .  The free energy to form a cluster of size r* is 
obtained by substituting the value for r* from equation (1.3) into equation (1.1).  
                                                                ∆G* =

∆
                                                                              (1.4) 
According to Gibbs Thomson relation      
                                                                     ln S = 
 

 
                                                         Or            r =
 
 
                                                           (1.5) 
Where Ω  is the molecular volume. 
                                                        Also   r = 

∆ 
                                                                              (1.6) 
   From equation (1.5) & equation (1.6) 
                                                                         ∆Gv   = 
   

                                                           (1.7) 
   Use equation (1.7) in equation (1.4) we can write as   
                                                               ∆G*   =  

(  )
                                                                       (1.8) 
 The rate of nucleation J (the number of nuclei formed per unit volume per unit time) can 
be expressed as    
                          J   =  Jo exp[
∆∗

] 
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Substituting the value of ∆G* in the above equation, 
                         J = Jo exp[
!"#$%&'
%(%)%  (*+ ,)'
 ]                                  (1.9) 
 Where  Jo is the pre-exponential factor. 
The equation (1.9) shows that, the temperature T, degree of super-saturation S and the 
interfacial energy σ influence the nucleation rate. 
1.3.2 Heterogeneous nucleation  
             The formation of nucleus on dust particles, impurity molecules, or on any foreign 
substrate is known as heterogeneous nucleation. A heterogeneous nucleating agent provides a 
lower barrier to the initial formation of the new phase. Most nucleation processes in the real 
world are heterogeneous. As the homogeneous nucleation requires a very high level of super- 
saturation, the occurrence of it is practically rare and in most situations heterogeneous 
nucleation takes place before reaching conditions suitable for homogenous nucleation. 
Heterogeneous nucleation is often observed at very small under-cooling’s, suggesting that the 
contact angle is small, or even that the substrate is completely wetted. Heterogeneous 
nucleation usually takes place on small particles. Under heterogeneous conditions, which mean 
that the crystallizing solution is not homogeneous due to the presence of foreign bodies, the 
formation of nucleus takes place at less energy than that under homogeneous conditions. It has 
been postulated that the difference in energy requirements for both the two cases is related to 
the wetting angle ‘θ’ between foreign surface and the nucleus. The relationship is formed as  
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∆./0102343056 =  
7('8906:)(!906:)' ;
<
    ∆=/3>3?02343056  (1.10) 
 
Equation (1.10) implies that under condition of complete wetting i.e. θ = 0, the energy required 
for homogeneous nucleation is zero, which means that spontaneous nucleation could takes 
place.  
 
 
Fig.1.2. Nucleation on foreign partial for different wetting angles 
After nucleation or the birth of new   crystals, the subsequent crystallization step is crystal 
growth where nuclei grow larger by the deposition of solute molecules or growth units, which 
breaks whatever bonds they have with the crystallizing or super saturated solution and make 
new bonds with the crystals. The growth of crystals means a regular addition of solute 
molecules or growth units from a supersaturated solution onto the crystal faces. Therefore, the 
solution concentration is depleting while the size and weight of the crystals increases. The 
growth of the crystals is determined by rate of increase in the size of the surfaces. Different 
faces may grow at different rates and this condition dictates the final shape of crystals. The 
fastest growing face will disappear while the slowest ones will remain, leaving the crystal 
bounded by the slowest growing faces. In the present study, gel method which is one of the 
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types of low temperature solution growth method is used to grow the crystals; therefore, gel 
diffusion method is discussed extensively in the following section:   
1.4 Crystal growth by gel diffusion method 
1.4.1 Introduction 
 Crystallization of substances having low solubility cannot be achieved by conventional 
slow-cooling, solvent evaporation and temperature differential methods. In such cases 
extremely high super-saturation develop readily which results in the formation of 
microcrystalline or amorphous precipitates. Therefore, in such situation conventional solution 
growth methods cannot be employed and novel methods which allow precisely controlled, slow 
development of super saturation must be used. In these methods , the super saturation is 
achieved either by the slow inter diffusion of solutions of two reacting species, which on mixing 
react to form the  solute, or by inter diffusion of a solution with a solvent in which the solute is 
insoluble or less soluble. The necessary precise control over the super saturation is exercised by 
controlling the flux of the inter diffusion pair i.e. by varying temperature, concentration 
gradient and solvent viscosity.  This is the basic principle of gel growth techniques for the 
growth of crystals of virtually insoluble salts [36]. With these methods and precise control, 
small but highly perfect crystals of relatively insoluble materials can be grown. 
                             The growth of single crystals in gels has received considerable importance by 
Liesegang in 1912, a colloid chemist first observed the periodic precipitation of sparingly soluble 
salts in gelatin in 1896 [37]. The potential application of gels as a medium of crystal growth was 
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introduced by Fisher and Simon in 1926 [38-40].  The potentiality and use fullness of gel 
method in growing single crystals was revived in 1960 [41, 42]. The experiments and 
observations made by   Henisch et al have thrown light on the precipitation of single crystals in 
gels [43]. In a comprehensive survey by Henisch on gel technique, various aspects of this 
method are described [44]. Now the gel technique has become the popular because of its 
elegance and simplicity in developing perfect crystals and hence a large number of scientifically 
important materials have been grown by this method. 
          In the present study it is proposed to employ gel diffusion technique of crystal growth. 
This technique has been used for growth of single crystals with very high perfection, growth of 
which are very difficult by other techniques. It has been used for protein crystallization in space 
experiments which has resulted in shortening tine requirement for optimization of 
crystallization conditions and has yielded high quality protein crystals [45]. The gel growth 
method has also been utilized to study the growth inhibition and dissolution of calcium oxalate 
monohydrate, the primary constituent of kidney stones [46, 47]. In more recent times a lot of 
important crystals have also been by gel method. For instance, growth of gold single crystals is 
studied in silica gel [48]. Using gel growth method micro-twin and multiply twinned nano-
particles of PbBr2 have been grown [49]. Gel technique was used to grow crystals of water 
soluble salts by reducing their solubility [50,51] and it is efficient in growing metals which have 
high melting points, thermal instabilities and poor solubility [52,53]. Gel diffusion technique has 
been used for the growth of inhibits strurite crystals [76].  Crystals of calcium hydrogen 
phosphate dihydrate from single gel diffusion technique has been reported in the literature 
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[77]. Growth of single crystals of new polymorph of lead succinate Pb(C4H4O4) with non-linear 
optical properties by gel diffusion technique  has been reported in literature [78]. 
1.4.2 Properties of the gel  
          The gel is two component system of a semi –solid nature, rich in the liquid and having fine 
pores in it. Gels are formed from suspensions or solutions by the establishment of a three 
dimensional system of cross linkages between the molecules of one component and the second 
component permeates in this system as a continuous phase.  The gels can be regarded as a 
loosely interlinked polymer. When the dispersion medium is water then the material should be 
called as hydro gel. Gels are prepared from organic as well as inorganic materials. The various 
types of gels used are silica gel, agar-agar gel, gelatin gel, soft soaps, oleates and stearates, 
various hydroxides in water etc. Among these gels, silica gel and agar –agar gel are the best and 
versatile growth media for growing many compounds, because their porous network permits 
the diffusion of several ions and of even polymers [54, 55].     
1.4.3 Advantages & disadvantages of gel diffusion method   
Advantages  
      The gel method of crystal growth has following advantage over other methods and for 
these reasons it is believed that the gel method can have a significant role on the development 
of good quality crystals. 
1.  Crystallization of substances having extremely low solubility can be achieved by this 
method. 
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2. It is an inexpensive and simple technique for growing single crystals. 
3. Gels are usually optically transparent and as such crystals can be observed practically in 
all stages of their growth. 
4. Since the crystals grow at low temperatures, there is reason to believe the presence of 
minimum equilibrium defects. 
5. Crystals of different morphologies and sizes can be obtained by changing the growth 
conditions. 
6. All nuclei are spatially separated. 
7. This method has the ability to control the rate of reaction required for crystallization of 
a particular material. 
Disadvantages  
The gel method has, however certain disadvantages as well. The main disadvantages are 
given as under. 
1. Growth by gel method has proved much less fruitful in growing large sized crystals. The 
reason is that, it is extremely difficult to avoid local super saturations sufficient to 
initiate spontaneous nucleation .this limits the size of the crystals. 
2. In the gel method of crystal growth there is every possibility that appreciable amounts 
of impurities may go into the growing crystal. 
3. Gels may sometimes inhibit embryo formation and affect the diffusion layer at a 
growing interface. 
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1.4.4 Preparation and structure of silica gel 
          The silica gel is prepared by mixing aqueous solution of sodium meta-silicate and organic 
acid. The acid component added to the solution will help to adjust the pH level of the system. In 
certain cases, this acid component also serves as the source of one of the reactants. The gelatin 
period varies from a few minutes to several hours depending on the nature of materials used, 
temperature and the pH of the solution. The mechanical properties of the gel vary widely with 
the density of sodium meta-silicate solution.  As a general role, very dense gels produce poor 
quality crystals and gels of insufficient density take a long time to form and are mechanically 
unstable. Normally sodium meta-silicate solution having densities in the range of 1.03-1.06 g/cc 
yield better experimental results in many systems. 
         The gel may be formed by the development of an interconnected three dimensional 
network by simultaneous hydrolysis and poly condensation of the or ganometallic precursors. 
Silica gel is the polymerized form of silicic acid. When sodium meta-silicate is dissolved in water, 
mono silicic acid is produced and the reaction is  
  Na2SiO3+ 3H2O                      H2SiO4 + 2NaOH 
The mono silicic acid can polymerize with the liberation of water. 
 
  OH   OH         OH             OH 
 HO Si             OH + HO    Si  OH                  HO      Si    O     Si       OH + H2O   
  OH   OH                                         OH               OH 
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The process occurs continuously until a three dimensional network of Si-O links is established as 
shown below. 
 
As the polymerization process continues, water accumulates on the top of the gel surface. This 
phenomenon is known as syneresis. The water accumulation is the result of condensation 
process and also due to gel shrinkage. 
       The gelation time is very sensitive to the pH value of the solution and since gelation is a 
gradual process, there is no unique definition of gelation time.  Depending on the hydrogen ion 
concentration, two types of ions, H3SiO4
- and H2SiO4
- are involved in the process. H2SiO4
-   is 
associated with high pH value and is more active. H3SiO4
- is favored  by low pH value and these 
ions are  responsible  for the initial formation of  long chain  polymerization products[56,57].  
1.4.5 Properties and structure of agar gel  
          Agar has been defined as a gel forming substance obtained from certain species of red 
seaweeds called “agarophytes” composed of neutral gelling molecules, agarose, and to lesser 
extent acidic non-gelling molecules. The American Society for Microbiology  in the ‘’ Manual of 
Methods of General Bacteriology  defined agar as  an extract from certain red marine algae 
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consisting of two polysaccharides, agarose and agaropectin, with the former  comprising about 
70% of the mixture.   
        Agar solution are viscous fluid and they jellify at room temperature, creating thermo-
reversible gels that melt again at 90 ± 5 oC and reform a gel on cooling down to 35 ± 5 oC. Agar 
gels have a high degree of transparency. 
1.4.6 Properties of Agar gel  
Gelation   
       Agar has the ability to form gels upon cooling of a hot solution to 30-35 oC and to melt to 
sols upon heating to 90-95 oC. The mechanism of gelation of agar may be shown as in fig 1.3. At 
temperature above the melting point of the gel, thermal agitation overcomes the tendency to 
form helices and the polymer exists in solution as a random coil.  On cooling, a three 
dimensional network builds up in which double helices form the junction points of the polymer 
chains (Gel 1). Further cooling leads to aggregation of these junction points (Gel 2).  Fig (1.3)  
Gel Strength 
       The gel strength of an agar is determined for its 1% gel using a gel tester. Usually 1% of 
gelidium  agars give a gel strength ranging from 300-500 g/cm2 and it could reach 500 g/cm2or 
more after alkali modification. The gel strength of the agar varies with the concentration used, 
the species and growing location of the agarophytes and the production process. 
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Figure 1.3 Gelling mechanism of agar 
1.5 Crystallization in gel medium  
       The gel method is basically a technique in which growth takes place by chemical reaction in 
gel medium between two suitable reactants in the form of two solutions of soluble salts. The 
gel provides a medium through which the reacting ions can diffuse in a controlled manner at a 
rate conductive for the slow growth of a crystal. Based on the nature of the chemical reactions 
and physical changes involved during the growth processes, gel method may be classified into 
four groups [58]. 
1. Chemical reaction method 
2. Chemical reduction method 
3. Solubility reduction method 
4. Complex dilution method 
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1.5.1 Chemical reaction method 
             This method of crystal growth involves a controlled chemical reaction, which is the basis 
of all methods of gel growth. The chemical reaction method is particularly used for the growth 
of materials which are insoluble in water and decompose before melting. In this method, 
aqueous solutions of two suitable compounds which give rise to the required insoluble 
substance are allowed to react in the gel medium. This may obey an irreversible reaction of the 
following type. 
                                         AX + BY → AY + BX 
       where AX and  BY are two water soluble compounds which on reaction give rise to AY  the 
insoluble  substance and BX, the waste product which should be well soluble in water. When 
the concentration of the reaction products exceeds super-saturation limits, homogeneous 
nucleation takes place. The nucleus may further grow in dimension, if the size of the nucleus 
exceeds the critical criterion. The gel network can limit the number of nuclei and the rate of 
crystal growth either by controlling the diffusion of the reacting ions or by controlling the 
reaction velocity on the surface of the growing crystal. The diffusion of the ions in the gel can 
be attributed to different forms as illustrated in figure 1.4a-c.The simplest method is to 
incorporate one component in the gel prior to gel setting [59]. This can be accomplished by 
mixing an aqueous solution of the compound say AX into the silicate or agar gel solution. The 
second component ‘BY’ may be poured over the gel after proper setting. An alternative method 
is the use of a two gel technique of which one is neutral [60]. Neutral gel means a gel column 
which is free from any of the reacting ions. Since reaction is taking place in the neutral gel 
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region, it is also termed as reaction gel. The two gel techniques involve preparation of a gel 
containing one of the reactant, AX in the lower part of the test tube. Then a second gel column, 
termed as neutral gel is formed above the first set gel. The other reacting component BY is 
poured over the neutral gel to facilitate the diffusion.  
           U-tubes are used, where the two reactants are allowed to react by diffusion into an 
inactive gel. This technique can also be adopted to crystallize compounds which have poor 
aqueous and organic solubility (uric acid and cystine) using the displacement reaction method 
[61,62].  
    
 
        BY 
        BY       BY 
 
 
 
 
                 AX 
        AX 
             AX 
  a         b                                   c 
Figure1.4  Crystallization in single tubes by chemical reaction method. 
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1.5.2 Chemical reduction method 
                             Chemical reduction methods are mainly for the growth of metal crystals. 
Crystals of copper, nickel, cobalt, etc. have been grown by this method. The metallic complex is 
usually taken along with the meta-silicate or agar gel solution and is reduced by the diffusion of 
a proper reducing agent into the gel [63]. The slow diffusion of reducing agent may result in the 
formation of the metallic crystals in it. 
1.5.3 Solubility reduction method  
           This method is suitable for the growth of water soluble substance. The material to the 
crystallized is incorporated into the gel column. After the gelation a solution which reduces the 
solubility of the material is added over the set gel to initiate crystallization. Glocker and Soest 
[64] were the first in attempting this method for the growth of monobasic ammonium 
phosphate single crystals. 
1.5.4 Complex dilution method 
           This method is suitable for a material whose solubility in the presence of another soluble 
material increases in a non-linear way with the concentration of the soluble material by 
complex formation in solution or by formation of soluble double salt. The concentration of the 
combined solution is reduced during diffusion and hence the material reappears as crystals. 
1.6 Nucleation control in gel method. 
          The problem of controlling nucleation is of crucial important in gel method. The crystals 
which grow in any particular gel system compete with one another for solute. This competition 
limits the size and perfection of growing crystals. Therefore, it is desirable to suppress 
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nucleation until only few crystals grow in a gel system. The nucleation probability can be 
controlled by 
1.  Optimization of gel density 
2. Ageing of gel 
3. Using suitable reactants of various concentrations 
4. Concentration programming 
5. Changing temperature 
6. Use of a neutral gel 
            All these methods are to be adopted on trial basis. Though various combinations of 
reactants can be used to yield the required crystals, only a few are found to be suitable to 
achieve controlled nucleation. It is reported that nucleation density is reduced using different 
combination of reactants to produce various crystals [65,66]. After selecting the best 
combination of reactants it is necessary to use the same reactants with various acid set gels in 
order to reduce the nucleation density and grow bigger crystals. Only a few crystals have been 
grown in various acid set gels [67]. The structure of gel can be changed by varying the 
parameters like gel density, pH of the gel and gel ageing [68]. The increased gel density and gel 
pH decreases the nucleation density, but the final crystals are of poor quality. The gel ageing 
also reduces the nucleation density without affecting their quality.  
1.7 Theories of Crystal Growth  
        The crystal growth is basically a process of arranging atoms or molecules in the three 
dimensional periodic array i.e., from disordered state, an ordered state has to be created. The 
crystal growth process involves the following steps, generation of reactants, transport of 
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reactants to the growth surface, adsorption at the growth surface, nucleation, growth and 
removal of unwanted reaction products from the growth surface. The driving force for 
crystallization is super saturation of the gas or liquid phase with reference to the component 
whose growth is required.  
         When a crystal nucleus attains the critical size, it grows in to crystal of macroscopic 
dimensions with well-developed faces. To understand the kinetics and mechanisms involved in 
the process of crystal growth many theories such as surface energy theory, diffusion theory, 
surface adsorption theory etc., have been proposed. 
1.7.1 Surfaces Energy Theory 
        The surface energy theory proposed by Gibbs and Curie, states that a growing crystal 
assumes the shape, which has minimum surface energy. The thermo dynamical treatment was 
given by Gibbs [69]. Curie [70] calculated the shapes and end forms of crystals   in equilibrium 
with solution or vapour, consistent with Gibbs criterion. According to Curie, when the volume 
free energy per unit volume is constant, then the some of the surface energies of all faces of 
the crystal will be minimum.  Wulff [71] reduced the relation connecting the growth velocity 
measured normal to any surface and the surface energy of that surface and found that these 
two are proportional to each other. Marc and Ritzel [72] further developed the concept of 
Wulff stating that the different faces have different solubility’s and hence the crystal will 
assume and equilibrium form, which takes into account the  influence of total surface energy 
and the solubility. According to this theory as the  super saturation increases , the growth 
become rapid in all directions and this results in the spherical shape of the crystal. But 
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experimentally it has been observed that well defined faces are developed when the super 
saturation is high. 
1.7.2 Diffusion Theory 
          The diffusion theory proposed by Nernst [73], Noyes and Whitney [74] is based on the 
following two basic assumptions: 
        1)  There is a concentration gradient in the neighborhood of the growing surface. 
        2)  Crystal growth is the reverse process of dissolution.  
        According to this theory, matter is deposited continuously on a crystal face at a rate 
proportional to the difference in concentration between the point of deposition and the bulk of 
solution. The amount of solute molecules that will get deposited over the surface of a growing 
crystal in a super saturated solution can be written as 
@1
@>
=  
A
B
 C(9 − 90 )     (1.11) 
Where ‘dm’ is the mass of solute deposited over the crystal surface of area A during time dt.     
D is the diffusion coefficient of the solute; C is the actual concentration, Co is the equilibrium 
concentration of the solute and δ is the thickness of the stagnant layer adjacent to the crystal 
surface. The value of δ depends on the relative motion between the crystal surface and the 
solution.  
1.7.3 Adsorption Layer Theory 
           Kossel viewed crystal growth based on atomistic considerations. He assumed that crystal 
is in equilibrium with its solution when it is just saturated. Also, the attachment energy unit on 
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growing surface is a simple function of distance only. The attachment energy is due to van-der 
Waals forces if the crystal is homo-polar, while it is due to electrostatic forces if the Crystal is 
hetero-polar (ionic). A growth unit arriving at a crystal surface finds attachment sites such as 
terraces, ledges, and kinks. The attachment energy of a growth unit can be considered to be the 
resultant of three mutually perpendicular components. The binding energy or attachment 
energy of an atom is maximum, when it is incorporated into a kink site in a surface ledge, whilst 
at any point on the ledge it is greater than that for an atom attached to the flat surface 
(terrace). 
         Hence, a growth unit reaching a crystal surface is not integrated into the lattice 
immediately. Instead it migrates to a step and moves along it to a kink site, where it is finally 
incorporated. Based on this consideration of attachment, Kossel was able to determine the 
most favorable face for growth. According to the Kossel model, growth of a crystal is a discrete 
process and not continuous. Also, a new layer on a preferably flat face of a homo-polar crystal 
will start growing from the interior of the face. For hetero-polar crystals, the corners are the 
most favorable for growth, while mid-face is least favored. According to Stranski, the critical 
quantity that determines the growth process is the work necessary to detach a growth unit 
from its position on the crystal surface. Growth units with the greatest detachment energy are 
most favored for growth, and vice versa. The greatest attraction of atoms to the corners of 
ionic and metallic crystals often leads to more rapid growth along these directions, with the 
result that the crystal grows with many branches called dendrites radiating from a common 
core. 
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1.7.4 Screw dislocation theory  
            The discrepancy between the observed growth rate and the theoretical prediction based 
on two dimensional nucleation theory points to the fact that there is some other mechanisms 
responsible for the continuous growth of a crystal surface. Frank [75] proposed that 
dislocations having a screw component can act as a continuous source of steps on the surface 
of the crystal which eliminates the need for surface nucleation. A screw dislocation emerging at 
a point on the crystal surface provides a step on the surface with a height equal to 'a', the 
projection of the Burgers vector of the dislocation. Since the step provided by the screw 
dislocation is anchored at the emergence point of the dislocation, and since the inner parts of 
the steps move radially at a faster rate than the outer parts, further growth takes place only by 
the rotation of step around the dislocation point. The mechanism is shown in fig.1.5. Under a 
given condition of super saturation these steps wind themselves up into a spiral, centered on 
the dislocation.  
Figure 1.5: Development of a growth spiral starting from a screw dislocation. 
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           Though this theory assumes the existence of dislocations in the crystal in order to 
enhance the growth of a surface, the growth rate does not depend on the concentration of 
these dislocations. Based on spiral growth mechanism Burton, Cabrera and Frank could 
establish a relation between the rate of growth R and the relative super saturation which is 
expressed as 
  R = C(E

EF ) tan h(
E EF ) (1.12) 
Where the parameters s1  is defined as  
                                                        s1 = 
GH
I JK
       and  
                                                        C =  
LK∩KN   OP
JK
  
Where ϒ- free energy , s – a constant  for BCF model , ∩se -equilibrium concentration of growth 
units on the surface, β- retardation factor, Ω- volume of the growth units. 
 The variation of the growth rate with super saturation depends on two parameters, C which 
determines the absolute value of the growth rate and s1   which determines actual growth rate.  
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Chapter 2 
 
Characterization Techniques 
 
2.1 Introduction          
    The crystals are grown to understand their scientific and technological usefulness. 
After the crystallization, a thorough characterization of the obtained materials is 
necessary. It is almost impossible to understand the properties of a material and 
consequently, its proper applications, if we do not know its composition, structure and 
morphology. A task of importance in all the material sciences is characterization. 
Characterization is the measurement of chemical and physical properties of materials, 
with a goal of achieving understanding of the same and similar materials based on 
their chemical bonding, atomic structure, microscopic and macroscopic perfection. The 
establishment of physical and chemical characteristics and assessment of the effect of 
constituents of the material on its properties is called Characterization.  
Characterization also provides a basis for specifying and improving materials for 
particular applications. The golden rule of material characterization is to apply 
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numerous methods, since only one methodology normally does not bring about a 
complete understanding of the material. In order to properly characterize a material, 
various procedures are applied. The grown crystals in the present work have been 
characterized using various physicochemical techniques which include X-ray 
diffraction (XRD), energy dispersive analysis (EDAX), thermal-gravimetric analysis 
(TGA), differential thermal analysis (DTA), carbon hydrogen nitrogen analysis (CHN) 
and Fourier Transform infrared spectroscopy (FTIR).       
2.2 X-ray diffraction  
        The XRD is the most important methodology used in the characterization studied 
of the materials. It is applied for the determination of the crystalline structure of new 
materials, the elevation of the changes in the structural parameters of modified 
materials, the phase analysis of the materials and particle size and strain 
determination. It provides a convenient and practical means for the qualitative 
identification in spacing of atoms in a crystalline materials [1-2]. X-ray diffraction is 
one of the tools to determine the structure of the crystals.   
The basic relation used in the X-ray studies was derived by Bragg[3]    which  
given by 2dSinƟ= nλ,  were λ is wave length  of  X –ray beam, Ɵ is angle of diffraction 
and d is the distance between atomic planes of the crystal and n is the order of 
diffraction. Since the distance between the atomic planes are dependent on the size 
and distribution of atoms, that is the structure of the materials, XRD can be used for 
qualitative and quantitative phase identification. 
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          In the present work powder X-ray diffraction method in which the sample is used 
in a finely powdered form, have been used to characterize the grown crystals. Each 
particle of the powder behaves as a tiny crystalline, oriented at random with respect to 
the incident beam. A number of particles are expected to be oriented in such a way to 
satisfy the Bragg’s diffraction condition, as x-ray beam is passed through the material. 
Powder X-ray diffraction analysis of  grown crystals in the present work  were 
obtained using a Bruker D8 advance X-ray diffractometer with Cu Kα radiation (λ = 
1.5406 Å). 
2.3 Energy Dispersive Analysis of X-RAY  
        Energy Dispersive X-Ray Analysis or Energy Dispersive X-Ray spectroscopy (EDAX 
or EDS) is an analytic technique used to determine the chemical composition  of a 
material. The EDAX technique detects X-rays emitted from the sample during 
bombardment by an electron beam to characterize elemental composition of the 
analyzed volume. Features or phases as small as 1µm or less can be analyzed.    When 
the sample is bombarded by the electron beam, electrons are ejected from the atoms 
comprising the sample’s surface. The resulting electron vacancies are filled by 
electrons from the higher states, and an X-ray is emitted to balance the energy 
difference between the two electron’s states. The energy of the X-rays is strictly related 
to the atomic number of the elements excited.  Hence the constituents of the spacemen 
can be determined. The intensity of the emitted x-rays will be proportional to the 
concentration of the elements in the sample. This method is a non-destructive method 
and gives immediately record of all elements having Z ≥ 11. The X-ray energy is 
characterization of the element from which it is emitted. The EDAX spectrum is a curve 
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between binding energy and intensity of emitted photoelectrons. The peak heights are 
the measure of the quantity of the concentrated elements incorporated in the 
specimen.  The comparison of the EDAX peaks of two elements in a sample gives an 
approximate proportion of the elements.  
         During the present investigation, elemental analysis was carried out as energy 
dispersive spectrometer (OXFORD ISIS-300 system) attached to a scanning electron 
microscope JEOL JSM-5800 to determine the atomic as well as weight percentage of 
rare earth and oxygen atoms in the grown crystals. 
2.4 Carbon, Hydrogen, and Nitrogen Analysis    
           Elemental analysis on Carbon, hydrogen and nitrogen is the most essential and in 
many cases the only investigation performed to characterize and prove the elemental 
composition of an  organic sample  or a sample containing organic ligands .In the 
present study grown materials  are coordination compounds  of Ho with oxalate ions as 
ligands. Therefore, it becomes necessary to carry out CHN analysis of the materials to 
determine the percentage composition of Carbon and Hydrogen. The basic principle of 
operation of a CHN analysis is as follows:        
       In a typical CHN analysis, the sample under test is weighed in a tin capsule. The 
required amount is 2 to3 mg of the material and can hardly exceed 10mg, if in organic 
matter with little carbon content is investigated. The sample is then wrapped in a tin 
capsule and inserted into a furnace held at 1200oC. A steady stream of an unreactive 
gas, such as Helium is passed through the furnace and a burst of pure oxygen gas is 
added as the sample capsule is inserted in to the oven.  
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         In the present investigation Carbon and hydrogen contents in the grown crystals 
were determined by using Vario-EL III CHNS-analyzer. 
2.5 Thermo Analytical Technique 
            Thermal analysis measures physical or chemical changes in a material as a function 
temperature. Two common techniques in this category are differential scanning calorimetric 
(DSC) and thermo gravimetric analysis (TGA). These methods are typically used to determine 
the material properties as the sample is heated or cooled in a controlled manner for a specific 
time. The thermal decomposition studies of oxalates is very important   for synthesizing 
superconducting double or multi-component oxides has been reported [4,5]. The thermal 
analysis and kinetics of thermal decomposition of metal oxides have reported by many 
workers[6,7].Thermal studies of the rare earth oxalates prepared either by mechanical mixing 
or by co precipitation methods were also reported by many workers [8,9]. The formation of 
erbium oxide from the thermal decomposition of erbium oxalate hexahydrate at 600 oC is 
reported in the literature [10]. Based on the thermo gravimetric and differential thermal 
analysis, Glasner et al [11,12] suggested a decomposition mechanism  for anhydrous rare earth 
oxalate via a divalent intermediate. Differential thermal analysis (DTA) is a method similar to 
DSC, but performed at higher temperature for metals, minerals, ceramics and glasses. 
2.5.1 Thermo-gravimetric Analysis (TGA) 
            Thermo gravimetric analysis can directly record the loss of weight with time or 
temperature due to dehydration or decomposition [13-15].  The sample is placed in small pan  
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connected to a microbalance and heated in a controlled manner and held isothermally for a 
specified time. The atmosphere around the sample may consist of an inert gas, such as 
nitrogen, or a reactive gas, such as air or oxygen. Thermo gravimetric curves are characteristics 
for a given compound because of unique sequence of physic chemical reaction which occur 
over definite temperature ranges and at rates which are a function of the molecular structure. 
Changes in weight are a result of the split and formation of various physical and chemical bonds 
at elevated temperature that lead to the development of the volatile products or reaction 
product formation. 
2.5.2 Differential thermal analysis (DTA) 
         In case of DTA, the difference in temperature of the sample and a thermally inert 
reference material are measured as a function of temperature. During the heating or cooling of 
the sample, it will absorb or liberate energy depending on the transitions that are taking place. 
The corresponding derivative of the sample temperature from that of the reference material 
(∆T) versus the programmed temperature (T) is recorded and explains whether the transition is 
endothermic or exothermic.  Generally phase transition, dehydration, reduction and some 
decomposition reactions produce endothermic effects, were as crystallization oxidation and 
some decomposing reactions produce exothermic effects.  The DTA studies in conjunction with 
TGA provide detailed information regarding the dehydration, decomposition and phase 
transition of the material during heating. 
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         During the present investigation the thermal behavior (TGA) of the crystals was recorded 
on a PerkinElmer, Diamond TG/DTA thermal analyzer in N2 atmosphere at a heating rate of10 
oC/min.   
2.6 Fourier Transformation Infra-red Spectroscopy 
          Fourier Transformation Infrared Spectroscopy (FTIR) is an analytical technique used to 
identify organic (and in some cases in organic) materials. This technique measures the 
absorption of infrared radiation by the sample material versus wavelength. The infra-red 
absorption bands identify the functional units, internal structure of molecules and nature of 
chemical bonds of a compound [16]. The infra-red absorption bands are related to the motion 
of individual atoms that comprise polyatomic molecule. In the FTIR technique, the frequency of 
the incident radiation is varied and the quantity of radiation transmitted or absorbed by the 
sample is obtained. When the frequency of the incident radiation coincides with the vibrational 
frequency of some part of the molecule, resonance occurs and absorption of energy takes 
place. As the molecules return from their excited states to original ground states, the 
absorption energy is released which results distinct peaks in IR spectrum. Thus FTIR spectra  
absorption bands provide  a unique fingerprint of the molecules present in the sample.  The 
FTIR spectra are usually represented as the plots of intensity versus wave number (in cm-1). The 
intensity can be plotted as the percentage of light transmittance or absorbance at each wave 
number. To identify the materials being analyzed, the unknown IR absorption spectrum is 
compared with   standard spectra with a spectrum obtained from a known material. Spectrum 
matches identify the polymer or other constituents in the sample. Absorption bands in the rage 
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of 4000 – 1500 cm-1are due to the functional groups ( e.g , -OH ,  C=O , N-H ,CH3, etc) . The 
sample preparation for FTIR spectroscopy involves grinding of the sample to a size less than the 
wave length of the incident radiation in order to ensure the sharpest possible absorption bands  
and to reduce scattering.  This involves the grinding to a partial  size  below 2µm.  
           In the present work, the FT-IR spectra of the grown crystals   in the wave number range of 
400-4000 cm-1 were recorded on a Bruker Vector-22 spectrometer using KBr pellet technique. 
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CHAPTER    3 
Growth and characterization of Holmium Oxalate Heptahydrate-
Crystals     
3.1 Literature Review     
 Rare earth elements are most widely used in various materials such as luminescent, 
magnetic and catalytic by virtue of their unique properties [1-4]. The rare earth elements 
have always fascinated the scientists because of their marvelous spectroscopic properties. 
Most of them are found to exhibit good fluorescence when incorporated into a solid matrix. 
They are essential components of modern technology and find uses in numerous 
applications, such as data storage devices, lasers, phosphors for advanced displays, 
luminescent, catalysis and permanent magnets [5-12].    
 Rare earth compounds have drawn the attention of material scientists and gained 
recognition due to their interesting physical properties such as magnetic, luminescent etc 
[13-15]. They find wide applications such as in high temperature superconductors, lasers, 
high strength permanent magnets etc [16]. Thus they are very vital in our scientific and 
technological developments and the quest for new materials having unusual properties is 
increasing. Rare earth compounds are also noted for their magnetic properties. A great deal 
of work has been reported on the magnetism and related phenomenon of rare earth 
compounds [17-20]. A number of rare earth based materials with magnetic properties have 
been reported in the literature [21, 22]. Due to addition of small amount of larger ions such 
as rare earth, an important modification of both structural and magnetic properties can be 
obtained, because rare earth ions play an important role to  
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determine the magneto crystalline anisotropy of compounds[23, 24].The effect of small 
amount of rare earth ions on the structural, magnetic and electrical properties of Mn-Zn 
ferrite has been reported in the literature [25].They have found an important modification 
in curie temperature, electrical resistivity, lattice constant, magnetic resistivity , magnetic 
moment and grain size. 
          Among rare earth compounds, rare earth oxides are interesting materials for their 
significant physical and chemical properties [26, 27]. The structural, electrical, and 
magnetic properties of oxides are very sensitive to preparation condition such as sintering 
temperature, time and type of additives. The synthesis of nano-crystalline rare-earth oxides 
are currently a priority area in materials. The most important functional materials based 
on rare-earth oxides are phosphors [28], catalysts [29] etc. Pure and mixed rare-earth 
oxides have been prepared at temperatures as low as 800 oC [30]. Rezlescu et.al [31] have 
reported on the effect of rare earth oxides on physical properties of Li-Zn ferrite and 
observed shift of cure temperature.    
          Rare earth containing materials have also been recognized for their fluorescence 
properties. In recent years, many investigations on fluorescence properties of rare earth 
ions contain polymer complexes have been made, because the polymers can be used as 
luminescence and laser materials with quality [32-35]. Trivalent rare earth ions have taken 
a dominant position as laser crystal activators responsible for stimulated emission in a 
variety of crystalline matrices. In fact laser action has been demonstrated in a variety of 
Dy3+activated crystals [36]. Several rare earth ions have large number of unpaired 
electrons and thus provide high magnetic moments. The fluorescence wavelengths of rare 
earth ions usually extend from the visible to IR-range. The optical properties of these ions 
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are dependent on the medium of environment. It has been known for a long time that Sm3+ 
give very strong fluorescence in the orange red region in a variety of lattices [37,38]. In fact 
laser action has been demonstrated in a variety of Sm3+ activated crystals [39,40]. 
Lanthanide complexes usually exhibit intense luminescence and are potentially applicable 
for the manufacture of fluorescent probes and are electroluminescent devices [41, 42]. The 
optical properties of lanthanide ions are different from those of other metal ions, because 
they absorb and emit light over narrow wavelength ranges with high quantum yields [43]. 
High quality, defect free crystals doped with trivalent lanthanides always attract attention 
of researchers because of their smart optical and spectroscopic properties[44].The  energy 
level configuration of the dopant materials have been studied extensively [ieke 1968; 
Weber 1973;Lee etal 1984].Among the different lanthanide, cerium has played a vital role 
as best host as well as dopant. 
Importance of Rare Earth Oxalates  
        Another very important class of materials containing rare earth elements are co-
ordination compounds of rare earth. The interest in the study of rare-earth co-ordination 
compounds begin in 1942 when Weissman [45] discovered that metal centered 
luminescence in β-diketonate or phenolate complexes can be triggered by ligand 
absorption and subsequent energy transfer. In 1980, biomedical applications of lanthanide 
complexes in magnetic resonance imaging (Gd based co-ordination compounds as contrast 
agents) and time resolved luminescence immunoassays were developed at university of 
Turku [46]. Rare earth co-ordination compound have received significant attention in 
recent years. These materials exhibit properties like optical, magnetic, porous                    
[47-50], photoluminescence [51-53], photovoltaic conversion [54]. Many of these materials 
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based on rare earths, have been synthesized and most of them exhibit amazing optical and 
magnetic properties, enabling them as fluorescent probes and electroluminescent devices 
[55-57]. They have also an ability to incorporate both photo-luminescent centers and 
magnetic properties, making them ideal for developing new multifunctional materials [58]. 
Rare earth co-ordination compounds have been extensively studied for structural [59-66], 
magnetic [67- 69] purposes as well as for their interest as molecular precursors for 
condensed phases usable as magnets [70,71], high temperature superconducting ceramics 
[72] or pigments [73,74] .The fluorescence of some rare-earth oxalates suggest that these 
materials can be used for optical applications [75]. Rare earth oxalates have gained 
importance mainly related to their dielectric, ferroelectric and fero-elastic properties 
[76].Various technologically important materials are prepared from the oxalate compounds 
as precursors. For instance BaTiO3, a ferroelectric material is prepared from the thermal 
decomposition of barium titanyl oxalate [77]. Ni-Co-Zn ferrites have been synthesized by 
an oxalate precursor method [78]. Rare earth oxalates have also wide application in electro 
and acoustic optical devices [79,80]. Some investigations on the fluorescence of europium 
oxalates suggests that the rare earth oxalate groups are potential candidates for optical 
applications [81,82]. The optical properties of DyGd(C2O4)3have been reported in the 
literature[83]. Crystal structure and thermal behavior of the yttrium cesium oxalate have 
been investigated by Bataille et al. [84]. Rare earth oxalates are also used as precursors for 
the applications of the corresponding superconducting oxides [85]. The advantage of this 
method over the conventional solid state reaction technique is that crystals of a wide range 
of stoichiometric ratio having a high degree of homogeneity can be prepared [86].The 
advantage of co-precipitation followed by thermal decomposition is that it normally avoids 
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high temperature treatments. Mixed rare-earth oxalates have been used as precursors for 
preparing important dielectric and magnetic materials. For instance Samarium doped 
spinel Mg-Cd ferrites have been prepared by oxalate co-precipitation method [87]. The 
preparation of PbTiO3, a piezoelectric and ferroelectric material, has been achieved by 
oxalate precursor method [88]. The rare-earth oxalates are usually co-precipitated in hydrated 
forms as R2(C2O4)3 . nH2O  (where R represent the rare earths) with hydration number ranging 
from 8 to 10 [89]. There are many reports in the literature on the growth and characterization of 
rare-earth oxalates [90,91]. OUendorff and Weigel [92] have obtained isomorphism single 
crystals of Ln2 (C204)3.10H2O by slow cooling method from the saturated solution of respective 
oxides in a mixture of sulphuric acid and oxalic acid. Lanthanum oxalate crystals prepared by the 
above procedure using oxalic acid have been reported [93]. But these techniques result only in 
the formation of micro crystals. It is believed that the low aqueous solubility (10-3- 10-4mol L -1) 
and thermal instability of oxalate compounds impose several boundaries to adopt high 
temperature growth methods. In high temperature growth, thermal stresses introduced during the 
growth make the crystal defective. That is why room temperature techniques are preferred in 
order to avoid these difficulties and in this aspect gel method stands out as an efficient method 
among other techniques [94]. The gel technique has successfully employed for the growth of 
several rare earth oxalates has been reported in the literature [95-98].Growth of single `crystals 
of gadolinium-samarium oxalate (GSO)by gel method have been reported in the literature 
[99].The GSO crystals were observed to be pale yellowish in colour. Morphology and size of 
these crystals were reported to be dependent on pH of the medium, gel density, 
concentration of the reactants and acidity of feed solution. Neodymium- praseodymium 
oxalate decahydrate crystals grown by using silica gel technique is also reported in the 
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literature by the controlled reaction of respective are earth nitrates with oxalic acid [100]. 
Dysoprosium-gadolinium oxalate single crystals have also been reported by gel diffusion 
technique [101]. Dysoprosium-praseodymium oxalate (DPO) single crystals grown by silica 
gel technique were reported to be belonging to monoclinic system. Single crystals of 
lanthanum-neodymium oxalate hydrated are also reported to be grown in silica gel by the 
diffusion of a mixture of aqueous solution of lanthanum-nitrate and neodymium-         
nitrate [102]. Single crystals of lanthanum-neodymium oxalate octahydrate were also 
reported in agar gel medium. The morphology of lanthanum-neodymium oxalate 
octahydrate crystals are hexagonal [103]. Lanthanum-samarium oxalate single crystals 
were also reported in silica gel medium by diffusion of mixture of aqueous solution of 
lanthanum nitrate and samarium nitrate with in silica gel impregnated with oxalic acid. 
These Lanthanum-samarium oxalate crystals have hexagonal basal planes observed at 
different depths inside the gel and are colorless and transparent [104]. Single crystals of 
cerium-lanthanum oxalate were reported to be grown by gel method [105]. Growth of 
single crystals of barium-copper oxalate have been reported by gel method [106].Growth of 
barium-cadmium oxalate [107], Barium-oxalate single crystals are also reported to be 
grown in both silica and  agar gel at ambient temperature[108]. Bismuth oxalate single 
crystals have been reported to be grown by gel technique [109]. Growth of single crystals 
strontium oxalate was reported by hydrothermal method in the presence of divalent 
transition metal ions. Single crystals of strontium oxalate have been reported to be grown 
by using strontium chloride and oxalic acid in agar-agar gel medium at ambient 
temperature [110]. These crystals were observed to be transparent, prismatic, bi-
pyramidal, platy shaped and spherulites. Perfect single crystals of cadmium oxalate tri-
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hydrate were also reported using slow and controlled reaction between Ca2+ and (C2O4)2- 
ions in agar gel medium and resulting in the formation of insoluble product 
Cd(COO)2.3H2O[111]. To best of author’s knowledge there is no report on the growth and 
characterization of holmium oxalate crystals by gel diffusion method. Therefore, keeping 
literature in view it was thought worthwhile to study crystal growth   and characterization 
of holmium oxalates, pure as well as substituted. The present chapter describes the growth 
and characterization of holmium oxalate heptahydrate crystals. 
3.2 Experimental procedure   
In order to grow single crystals of rare earth oxalates, gel method has been used in present 
work. The principle of the method is based on the fact that if aqueous solutions of the reactants 
are directly mixed together, there will be either precipitation or micro-crystallization because of 
the fast chemical reaction, but when one employs the gel technique, the three dimensional 
network of gel medium provides a controlled diffusion environment to the ions which is 
necessary for the crystallization [112]. Gel is found to be one of the best media to grow various 
organic as well as inorganic compounds [94]. The single crystals of calcium carbonate, barium 
carbonate and strontium carbonate were also reported in silica gel by using single and 
double diffusion methods at room temperature. It has been used for several years not only for 
crystals of small molecules, but also for crystals of proteins [113], for which it is particularly 
useful since these crystals are often difficult  to grow. Agarose gel has been most widely used, 
because it seems more reliable for biological products. It is used also for proteins 
characterization, electrophoresis, and some chromatography columns.  Gel growth medium is 
used to promote nucleation [114,115]. 
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3.2.1 Preparation of Agar gel 
 Extra pure agar powder (from Thomas Baker) was used to prepare the agar gel. Finely 
powdered extra pure agar powder (0.5-1.5% w/v) was dissolved in triply deionized water at 
80oC. The agar solution was then mixed with oxalic acid  of desired molarity (0.25M, 0.5M, 
0.75M,1M) in 2:1 proportion by volume .i.e. two parts of agar solution was mixed with one part 
of oxalic acid. The pH of the agar-oxalic acid solution was adjusted to an initial value of 1.5 by 
adding few drops of dilute nitric acid to the solution. The solution was then transferred to several 
glass tubes of length 20cm and diameter 2.5cm. It was observed that the agar gel solution was set 
after few hours of their pouring in the tubes at temperature of about 30oC. 
3.2.2 Preparation of upper reactant solution 
For the preparation of the upper reactant solution or feed solution, holmium nitrate 99.9 % pure 
(from Terio Corporation, China) was used. Aqueous solution of holmium nitrate of desired 
molarity (0.25M, 0.5M, 0.75M, 1M, and 1.5M) was used as source of holmium ions (Ho3+).   
The holmium nitrate solution was carefully poured drop by drop over the set gel so as to avoid 
any gel breakage. The gel column acts as a permeable medium which allows the free diffusion of 
ions. Depending on the variation in gel density, concentration of reactants and amount of the 
feed solutions, the growth kinetics changes .The habits of the grown crystals were found to vary 
from crystalline precipitates to well faceted single crystals. Growth parameters such as gel 
density, gel pH  and concentration of reactants were manipulated to optimize the condition for 
getting maximum sized and good quality crystals. The trivalent lanthanides easily combine with 
oxalate Ligand to form oxalate complexes having the general formula R2(C2O4)3 nH2O. The 
expected chemical reaction for the formation of rare earth oxalates may be represented as 2R3+ 
+3(C2 O4)2-→ R2(C2 O4)3 where R represents the rare earth element. When halides or nitrates of 
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rare earth get mixed with oxalic acid, they react to form the corresponding oxalate. The possible 
chemical reaction for the formation of holmium oxalate is  
2 Ho(NO3)3 +3C2 H2 O4                      Ho2 (C2O4)3 +6HNO3 
After setting of the agar gel, an aqueous solution of  holmium nitrate was carefully poured  
over it . At this stage a little precipitation occurred at the gel/solution interface upon pouring of 
upper reactant and after a period of about two weeks, the single crystals of holmium oxalate were 
observed to grow inside the gel column. The slow diffusion of Ho3+ ions through the narrow 
pores of the agar gel lead to reaction between these ions and the oxalate ions (C2O4)
-2, present in 
the gel as lower reactant. It was observed that that the agar gels which have higher density have 
inhibitory effect on the crystal growth. But in case the agar gel having weight by volume 
percentage in the range (0.7%w/v -1w/v %), single crystals with well-developed faces are 
observed to grow in the gel medium. Single crystals with well-developed habit faces were 
obtained under the following conditions as shown in Table 3.1. 
Table 3.1: Growth parameters for single crystals of holmium oxalate heptahydrate. 
Growth  parameter Value 
Gel pH  
Gel conc.                            
1.5 
1%w/v 
Oxalic acid .conc. 
Holmium nitrate conc. 
0.5M 
0.5M 
Temperature 27 oC 
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The effect of various growth parameters on the crystallization of rare earth oxalates is 
summarized in Table 3.2 
Table 3.2 Detailed summary of experiments for the growth of rare earth oxalates in agar  gels. 
S.No Experiment Constant 
Parameters 
Variable 
Parameters  
 
Results 
1 Variation of gel  
concentration 
LR Conc.: 0.5M 
URConc. : 0.5M 
 
Agar: OA=  2:1 
Gel Conc. 
( % w/v) 
 
0.5, 0.7, 0.8 
,1.0 , 1.5 
Morphology:(i) Initial negligible 
precipitate at gel solution interface.(ii) 
single crystal formation  with (100) (011) & 
(011) dominant faces for gel conc. ≤ 1% 
w/v. 
Size : Maximum size of single crystals at 
gel conc. of   1%w/v (size  ̴ 1mm×0.5mm 
×1mm) 
Nucleation density: Minimum at gel 
concentration of 1.5% w/v and maximum at 
0.5% w/v.  
2 Variation of 
LR 
concentration 
UR  conc. :0.5M 
GelConc.:1%w/v 
Agar: OA = 2:1 
LR Conc. 
0.25M, 
0.5M, 
0.75M, 
1M,2M 
Morphology :(i) Polycrystalline spherulites 
for LR conc. of 1M, 2M (ii) single crystal 
formation with (100) (011) &(001) faces  
for LR conc. of 0.5M ,0.75M. 
Size: Maximum size of single crystals at LR 
Conc. of  0.5M (size  ̴ 1mm×0.5mm × 1mm) 
Nucleation density: Minimum at 0.25M 
and maximum at 2M. 
3 Variation of 
UR 
concentration 
LR Conc.: 0.5M 
GelConc.:1%w/v 
Agar: OA =    2:1  
 
 
UR Conc. 
0.25M, 
0.5M, 
0.75M,  
1M, 
1.5M 
Morphology :(i) Polycrystalline spherulites 
and needle type crystal formation for UR 
conc. > 1M (ii) single crystal formation with 
(100) (011) & (001) faces for UR conc. of 
0.5M , 0.75M. 
Size: Maximum size of single crystals at UR 
Conc. of  0.5M (size  ̴ 1mm×0.5mm × 1mm)  
Nucleation density: Minimum at 0.25M 
and maximum at 1.5M.  
̽ Concentration of agar-agar gel (%w/v) ,  OA= oxalic acid, Agar: OA = ratio of agar and oxalic 
acid solutions by volume. LR=lower reactant, UR=upper reactant.  
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Fig. 3.2 shows a photograph illustrating the growth of holmium oxalate single crystal in agar gel 
in a crystallizer. 
 
Fig 3.1 Single crystals of holmium oxalate growing in a crystallizer with growth parameters 
as: Gel concentration; 1% w/v, upper reactant concentration: 0.5M, lower reactant 
concentration: 0.5M and pH= 1.5.  
 
                   In the present  experimental work it has been observed that well faced single crystals 
of holmium oxalate were grown with following growth parameters: gel conc. 1%w/v, upper 
reactant 0.5M, lower reactant conc. 0.5M  and at  pH 1.5. Polycrystalline spherulite and needle 
type crystals were observed to grow for gel conc. of 1%w/v, lower reactant concentration 0.5M, 
upper reactant concentration greater than 1M. The average sizes of single crystals grown at 
different growth parameters were of the order of (size ̴ 1mm×0.5mm × 1mm). Nucleation density 
varies with gel density. It has been observed that as the gel density increases nucleation density 
decreases and maximum nucleation density 0.5%w/v and minimum nucleation density at 
1.5%w/v.   
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3.3 Characterization of Holmium Oxalate Crystals 
After a crystal is grown, it is necessary to characterize it so as to obtain important information 
about its properties. In the present investigation various characterization techniques were 
employed. 
1) Powder X- ray Diffraction  
2) Energy dispersive x-ray analysis 
3) CHN analysis  
4) Thermal analysis  
5) Fourier transformation infrared spectroscopy 
3.3.1 Powder X- ray Diffraction Studies 
 Powder X-ray diffraction analysis of  grown crystals in the present work were obtained 
using a Bruker D8 advance X-ray diffractometer with Cu Kα radiation (λ = 1.5406 Å). The powder 
diffractogram of holmium oxalate crystals is shown in Fig. 3.2. The occurrence of highly 
resolved peaks at specific Bragg angles indicates that the holmium oxalate is a crystalline solid. 
The powder X-ray diffraction pattern of holmium oxalate was analyzed by using the powder 
indexing program DICVOL04 [116].The X-ray powder diffraction analysis confirmed that 
holmium oxalate crystal belongs to the monoclinic system with space group P21/c. This space 
group belongs to a Centro-symmetric class of crystals. The values of unit cell parameters 
obtained in the present investigation agree well with those reported in the literature for rare 
earth oxalates [117].The lattice parameters were evaluated and the volume of the unit cell was 
calculated from the unit cell dimensions and is given below in Table 3.3. The Table 3.4shows the 
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powder X-ray diffraction data for holmium oxalate crystals and Table 3.5 shows the observed 
‘d’ values and observed & calculated 2Ɵ values. The miller indices corresponding to each 
reflection is also shown in Table 3.5.  
Table 3.3 Calculated unit cell parameters. 
 Chemical formula Ho2(C2O4)3 7H2O 
Space group P21 /c 
Lattice Monoclinic 
a 12.197 Å 
b 11.714 Å 
c 6.479 Å 
α 90o 
β    120.12o 
γ  90o 
V 799.6 Å3  
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Fig.3.2 Powder X-ray diffraction pattern of holmium oxalate crystals 
 
Table 3.4  Powder X-ray diffraction data for holmium oxalate heptahydrate crystals
2Ɵ Relative 
intensity  
5.079 0.3 
5.179 0.4 
5.292 0.5 
5.532 0.4 
5.656 0.4 
5.766 0.5 
5.854 0.4 
6.063 0.4 
6.211 0.5 
6.351 0.4 
6.498 0.5 
6.793 0.5 
7.103 0.4 
7.225 0.3 
7.368 0.3 
7.519 0.3 
7.575 0.3 
7.682 0.3 
7.9 0.3 
7.988 0.3 
8.093 0.2 
2Ɵ Relative 
intensity  
8.417 0.2 
8.476 0.2 
8.556 0.2 
8.635 0.2 
8.78 0.4 
9.086 0.3 
9.271 0.2 
9.364 0.2 
9.624 0.3 
9.708 0.2 
9.805 0.2 
9.909 0.3 
10.028 0.2 
10.116 0.3 
10.204 0.2 
10.47 0.2 
10.655 0.3 
10.736 0.3 
11.042 0.3 
11.078 0.3 
11.317 0.2 
2Ɵ Relative 
intensity  
11.796 0.2 
11.969 0.2 
12.032 0.2 
12.088 0.2 
12.29 0.2 
12.467 0.3 
12.628 0.3 
12.689 0.3 
12.807 0.2 
12.926 0.2 
13.006 0.3 
13.109 0.3 
13.314 0.2 
13.426 0.2 
13.695 1.7 
13.975 0.3 
14.179 0.2 
14.296 0.2 
14.396 0.2 
14.495 0.2 
14.573 0.2 
2Ɵ Relative 
intensity  
14.795 0.2 
15.051 0.2 
15.111 0.2 
15.349 0.1 
15.429 0.2 
15.538 0.2 
15.746 0.2 
15.87 0.1 
16.028 0.2 
16.185 0.1 
16.306 0.2 
16.664 0.3 
16.918 0.2 
17.025 0.2 
17.191 0.2 
17.336 0.2 
17.467 0.4 
17.753 0.4 
17.864 0.5 
18.139 1.5 
18.772 1.2 
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2Ɵ Relative 
intensity  
19.322 0.5 
19.374 0.5 
19.54 0.5 
19.602 0.6 
19.661 0.6 
19.779 0.5 
20.096 1 
20.415 2.8 
20.877 1.5 
21.192 0.3 
21.323 0.3 
21.428 0.3 
21.594 0.3 
21.726 0.2 
21.825 0.2 
22.013 0.2 
22.123 0.2 
22.356 0.2 
22.48 0.2 
22.659 0.2 
22.776 0.2 
22.878 0.2 
23.028 0.2 
23.148 0.2 
23.319 0.1 
23.473 0.1 
23.576 0.1 
23.672 0.1 
23.823 0.1 
23.988 0.2 
24.091 0.2 
24.228 0.2 
24.325 0.2 
24.526 0.1 
24.667 0.1 
24.789 0.1 
25.053 0.1 
25.256 0.2 
25.341 0.2 
25.482 0.2 
25.838 0.5 
26.437 10.1 
26.714 0.2 
26.844 0.3 
27.007 0.3 
27.129 0.3 
27.326 0.2 
27.567 0.6 
27.939 0.2 
28.059 0.3 
28.142 0.3 
2Ɵ Relative 
intensity  
28.453 0.8 
28.718 0.6 
28.794 0.8 
29.021 2.2 
29.284 7.3 
29.576 0.5 
29.76 0.6 
30.223 0.5 
30.327 0.4 
30.506 0.3 
30.668 0.5 
30.843 0.7 
30.901 0.7 
31.221 0.4 
31.296 0.4 
31.464 0.4 
31.519 0.4 
31.598 0.5 
31.668 0.5 
31.961 2.7 
32.194 0.8 
32.293 1.3 
32.436 2.3 
32.841 0.5 
33.158 1.5 
33.514 0.6 
33.681 0.4 
33.865 0.4 
34.096 0.7 
34.359 2.9 
34.677 0.4 
34.742 0.4 
34.88 0.4 
35.074 0.3 
35.193 0.3 
35.273 0.3 
35.392 0.8 
35.524 1.3 
35.809 0.4 
35.917 0.3 
36.138 0.4 
36.21 0.3 
36.326 0.3 
36.634 0.4 
36.802 0.3 
36.969 0.3 
37.034 0.4 
37.391 3.1 
37.736 0.3 
37.868 0.4 
38.034 0.6 
2Ɵ Relative 
intensity  
38.332 0.6 
38.516 0.5 
38.69 0.5 
38.769 0.5 
38.995 0.3 
39.044 0.4 
39.109 0.4 
39.246 0.4 
39.36 0.4 
39.541 0.4 
39.683 0.4 
39.822 0.4 
39.921 0.3 
40.067 0.3 
40.199 0.3 
40.498 0.4 
40.752 0.6 
40.815 0.5 
41.133 0.4 
41.454 3.5 
41.749 0.5 
41.89 0.7 
42.297 0.8 
42.607 0.4 
42.896 0.5 
43.146 1.1 
43.318 0.7 
43.437 0.6 
43.602 0.5 
43.735 0.4 
43.888 0.4 
44.132 0.3 
44.295 0.5 
44.357 0.5 
44.616 3.3 
45.087 5.3 
45.503 1 
45.614 1.4 
46.015 0.4 
46.218 0.4 
46.34 0.4 
46.496 0.4 
46.612 0.4 
46.695 0.4 
46.913 0.3 
47.029 0.3 
47.152 0.3 
47.286 0.2 
47.584 0.4 
47.652 0.4 
2Ɵ Relative 
intensity  
48.163 1 
48.343 0.5 
48.742 0.3 
48.843 0.3 
48.939 0.2 
49.078 1.5 
49.175 1.9 
49.337 0.8 
49.477 0.3 
49.635 0.2 
49.774 0.7 
49.921 1 
50.039 0.7 
50.211 0.4 
50.381 0.3 
50.568 0.4 
50.856 6.2 
51.203 0.3 
51.34 0.3 
51.482 0.7 
51.585 0.8 
51.74 0.5 
51.879 0.3 
52.038 0.2 
52.178 0.2 
52.264 0.2 
52.355 0.2 
52.506 0.1 
52.575 0.2 
52.666 0.2 
52.89 0.4 
53.151 0.2 
53.235 0.2 
53.389 0.2 
53.461 0.3 
53.548 0.2 
53.804 0.4 
53.864 0.5 
54.005 0.3 
54.205 0.2 
54.422 0.1 
54.521 0.2 
54.649 0.3 
54.971 0.5 
55.126 0.5 
55.216 0.5 
55.415 0.3 
55.534 0.2 
55.62 0.1 
55.762 0.2 
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2Ɵ Relative 
intensity  
56.07 0.2 
56.188 0.2 
56.408 0.2 
56.477 0.2 
56.627 0.2 
56.706 0.2 
56.785 0.2 
56.865 0.2 
56.923 0.2 
57.084 0.2 
57.227 0.2 
57.416 0.2 
57.536 0.2 
57.662 0.2 
57.821 0.2 
58 0.2 
58.09 0.2 
58.196 0.3 
58.397 2 
58.481 2.1 
58.633 1.4 
58.85 2.9 
59.03 1.4 
59.321 0.3 
59.527 0.2 
59.686 0.2 
59.772 0.3 
60.141 0.3 
60.262 0.3 
60.609 0.3 
60.785 0.4 
61.086 9.6 
61.315 4.2 
61.479 0.4 
61.732 0.3 
61.791 0.3 
61.891 0.2 
62.089 0.3 
62.189 0.3 
62.365 0.3 
2Ɵ Relative 
intensity  
62.914 0.5 
63.027 0.5 
63.608 0.2 
63.738 0.2 
63.94 0.2 
64.124 1 
64.196 0.9 
64.374 1.1 
64.561 2.2 
64.831 0.9 
65.05 0.3 
65.092 0.3 
65.398 0.2 
65.572 0.2 
65.694 0.2 
65.821 0.2 
65.903 0.2 
66.115 0.1 
66.201 0.2 
66.3 0.2 
66.556 0.2 
66.739 0.2 
66.837 0.2 
66.968 0.2 
67.116 0.2 
67.343 0.2 
67.414 0.2 
67.555 0.2 
67.642 0.2 
67.898 0.3 
67.996 0.3 
68.093 0.3 
68.208 0.3 
68.391 0.3 
68.525 0.2 
68.645 0.3 
68.901 0.9 
69.097 0.6 
69.36 0.2 
69.484 0.3 
2Ɵ Relative 
intensity  
69.775 0.2 
70.004 0.7 
70.075 0.6 
70.269 0.3 
70.584 0.2 
70.749 0.2 
70.81 0.2 
70.869 0.2 
70.969 0.2 
71.048 0.2 
71.3 0.4 
71.584 0.2 
71.825 0.3 
71.962 0.2 
72.087 0.2 
72.29 0.2 
72.371 0.2 
72.419 0.2 
72.558 0.2 
72.615 0.2 
72.814 0.1 
72.96 0.1 
73.138 0.2 
73.273 0.1 
73.379 0.1 
73.63 0.2 
73.703 0.2 
73.826 0.2 
73.913 0.2 
74.064 0.2 
74.238 0.2 
74.331 0.2 
74.485 0.1 
74.708 0.2 
74.882 0.2 
74.981 0.2 
75.081 0.2 
75.21 0.1 
75.357 0.2 
75.396 0.2 
2Ɵ Relative 
intensity  
75.816 0.2 
76.053 0.8 
76.233 0.6 
76.503 0.2 
76.735 0.2 
76.809 0.2 
76.908 0.2 
77.02 0.2 
77.146 0.2 
77.202 0.2 
77.325 0.2 
77.455 0.1 
77.627 0.2 
77.876 0.4 
78.111 0.3 
78.349 0.1 
78.412 0.1 
78.539 0.1 
78.636 0.2 
78.696 0.2 
78.755 0.2 
78.855 0.1 
78.996 0.1 
79.073 0.1 
79.13 0.1 
79.315 0.1 
79.377 0.1 
79.68 0.3 
79.927 0.1 
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Table 3.5Observed d-values, observed  &calculated 2Ɵ-values, miller indices & relative intensity 
of holmium oxalate heptahydrate crystals. 
S.No d (A
o
) 2Ɵ(in degree)   
observed 
2Ɵ(in degree)   
calculated 
I/Imax h    k    l 
1 6.465 13.685 13.663 1.7 -1   0   1 
2 4.926 17.991 17.962 0.5 -2   1   1 
3 4.803 18.456 18.453 100 -2   1   0 
4 4.347 20.414 20.429 2.8 -1   2   1 
5 3.367 26.443 26.476 10.1 -3   1   0 
6 3.049 29.276 29.287 7.3 -4   0   1 
7 2.797 31.974 31.959 2.7 0   0   2 
8 2.699 33.154 33.114 1.5 -4   2   1 
9 2.609 34.338 34.317 2.9 -3   3   0 
10 2.525 35.521 35.528 1.3 0   2   2 
11 2.404 37.380 37.407 3.1 -4   3   1 
12 2.176 41.464 41.462 3.5 -5   2   2 
13 2.009 45.086 45.077 5.3 -5   3   2 
14 1.889 48.155 48.128 1 -3   3   3 
15 1.852 49.175 49.195 1.9 -4   3   3 
16 1.795 50.846 50.855 6.2 -1   3   3 
17 1.568 58.833 58.830 2.9 -4   6   0 
18 1.515 61.128 61.138 9.6 -6   5   1 
19 1.442 64.589 64.585 2.2 -7   1   4 
20 1.360 68.954 68.954 0.9 0   2   4 
21 1.250 76.109 76.121 0.8 5   4   2 
 
 
 
3.3.2 Energy Dispersive X
In order to confirm the presence of ho
x-ray analysis (EDAX) was carried out on a typical single crystal of holmium oxalate
heptahydrate using energy dispersive spectrometer (OXFORD ISIS
a scanning electron microscope JEOL JSM
single crystal of holmium oxalate. 
characteristics peaks in the EDAX spectrum
Fig 3.3 EDAX spectrum of 
It is clear from the EDAX spectrum that holmium is
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-ray Analysis   
lmium in the grown crystal, energy dispersive 
-300 system) attached to 
-5800. Fig.3.3 shows the EDAX spectrum of a 
The presence of holmium was established from 
. 
single crystal of holmium oxalate 
 present in the grown material.
 
 
its 
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3.3.3 CHN analysis  
   In the present investigation carbon and hydrogen contents in the grown crystals 
were determined by using Vario-EL III CHNS-analyzer. Table 3.6 shows the results of 
carbon-hydrogen analysis. Since holmium oxalate is a rare earth coordination compound 
with oxalic acid as a ligand, therefore, carbon and hydrogen analysis was carried out to 
determine the percentage composition of carbon and hydrogen in the grown compound. 
The percentage composition of C and H as determined experimentally by CHN analysis 
together with the EDAX results suggest that the chemical formula of the single crystals of 
holmium oxalate to be   Ho2(C2O4)3.7 H2O.  The percentage composition of C and H in the 
proposed formula agrees well with the corresponding values which were determined 
experimentally. 
Table.3.6 Percentage composition of carbon and hydrogen in the grown crystals of 
holmium oxalate hetahydrate. 
Element Percentage composition 
(Experimental) 
Percentage composition 
(Calculated) 
Carbon 9.76 10.01 
Hydrogen 1.89 1.959 
 
3.3.4 Thermal Analysis  
The thermal decomposition stages of holmium oxalate heptahydrate (HOP) crystals were 
studied from the TGA and DTA curves. During the present investigation the thermal behavior of 
the crystals was recorded on a PerkinElmer, Diamond TG/DTA thermal analyzer in N2 
atmosphere at a heating rate of10 oC/min. Fig.3.4shows the TGA curve of holmium oxalate 
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heptahydrate  in the temperature range of 28 oC to 1050 oC. The presence of 7H2O molecules 
associated with the holmium oxalate heptahydrate crystals is supported by the         
thermogravi-metric analysis (TGA). It is clear from the curve that the single crystals of HOP 
undergo a weight loss of about 18.1 % in the temperature range of 28 oC to 200 oC. The 
calculated weight loss as per the proposed formula; Ho2(C2O4)3• 7 H2O, is  17.5%.  The 
formation of mixed holmium oxide Ho2O3 as a final product was also confirmed from the TG 
curve. The calculated weight loss for the formation of Ho2O3 from the starting compound 
Ho2(C2O4)3 • 7 H2O is 47.5%  whereas the experimentally observed weight loss  in the 
temperature range 28 – 600 oC is 48.13 %. Thus, at a temperature of about 600oC holmium 
oxide is formed as a final product. 
 
 
   Fig.3.4 TGA curve of holmium oxalate heptahydrate 
 
 
 
   The two stages involved in the decomposition process of Ho
and decomposition of oxalate to 
place in the temperature range 
endothermic peak in the DTA curve corresponding to temperature of 108.90
3.5. Then in the next stage the decomposition 
place in temperature range of 200
three CO2 molecules and three CO molecules. This decomposing 
exothermic peak in DTA curve corresponding to temperature of 415.85
                                   Fig.3.5 DTA curve of holmium oxalate heptahydrate 
 
The thermal studies of holmium oxalate heptahydrate crystals are in good agreement with the 
proposed chemical formula and hydration number of these crystals. The following mechanism 
 
66 
2(C2O4)3 7H2O are dehydration 
respective oxide. The dehydration of 7H2O molecules takes 
28°C -200°C. The dehydration process appear as distinct 
°C
of holmium oxalate heptahydrate crystal
°C – 600°Cresulting in the formation of oxide by the loss of 
reaction is also represented by 
°C.  
 
 
 
 as shown in fig 
 takes 
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have been proposed for the thermal decomposition of holmium oxalate heptahydrate  crystals 
based on thermal analysis. 
                                            ( -7H2O)  
                           Ho2 (C2O4)3 .7H2O                                          Ho2(C2O4)    
                                        (28°C- 200°C)      
             
     
 
                                       -(3CO2 +3CO) 
                                   Ho2 (C2O4)3                                     Ho2 O3 
                                  (200°C-600°C) 
 
Summarized analysis of the different stages associated with the thermal decomposition of the 
sample , observed  in the thermogram along  with the calculated and observed mass loss are 
given in Table 3.7. 
                       Table 3.7 The thermo analytical data for holmium oxalate heptahydrate crystals   
Stage Decomposition 
Temperature 
Ranges(°C) 
Loss of  
material 
Calculated 
Mass loss(%) 
Observed 
Mass loss(%) 
Nature of reaction 
1 28-200 7H2O 17.5% 18.1% Endo  dehydration  
2 200-600 3CO2 +3CO  36.4% 36% Exo  decomposition  
 
3.3.5 Fourier Transformation Infrared Spectroscopy  
In the present work the FT-IR spectra of the grown crystals   in the wave number range of      
400-4000 cm-1 were recorded on a Bruker Vector-22 spectrometer using KBr pellet technique. 
Fig 3.6 shows the FT-IR spectrum of holmium oxalate heptahydrate crystals in the wave number 
range 400-4000 cm-1. The presence of broad band centered at about 3325.25 cm-1 indicates 
that the grown material has water of crystallization. The absorption at about                       
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1627.35 cm-1 correspond to the asymmetric stretch νa(C = O). The well pronounced peaks at 
1361.29 cm-1 and 1319.62  cm-1 correspond to symmetric stretches  [νs(CO) + ν(CC)]  and [νs(CO) 
+ δ( O – C = O)] respectively [118,119]. The sharp IR peak observed at 808.81 cm-1 is due to the 
combined effect of in-plane bending motion δ( O – C = O) [120] and the presence of a metal-
oxygen bond ν(MO).  The absorption at 487.82 cm-1 is due to the ring deformation plus the 
bending mode δ( O – C = O)[121]. The assignment of some selected absorption band/peaks 
observed in the FT-IR spectrum of holmium oxalate heptahydrate crystals is given in Table 3.7. 
The FT-IR spectroscopic results of holmium oxalate heptahydrate crystals confirm the presence 
of functional groups associated with oxalate ligands. 
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Fig. 3.6 FT-IR spectrum of holmium oxalate heptahydrate. 
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Table 3.8 Assignment of some selected FT-IR wave numbers (cm-1) of holmium oxalate    
heptahydrate crystals  
Wave number  cm
-1  
 Band/Peak Assignments 
3325.25   νa(OH)   
1627.35  νa(C = O) 
1361.29  νs(CO) + ν(CC) 
1319.62    νs(CO) + δ( O – C = O) 
808.81   δ ( O – C = O)+  ν(MO) 
487.82    δ( O – C = O) 
 
 
Conclusions: 
1) The growth of single crystals of holmium oxalate was accomplished using single gel 
diffusion method. Optimum conditions for the growth were worked out and it was found 
that at the fallowing growth parameters: gel concentration: 1% w/v, upper reactant 
concentration: 0.5M, lower reactant concentration: 0.5M and pH= 1.5, good quality 
crystals were grown. Based on observations during the growth the gel method is found to 
be the best suited technique to grow single crystals of holmium oxalates. 
a) As the density of gel increases, the nucleation density decreases, which in turn enhances 
the size of the crystals but with diminished quality. 
b) The nucleation density increases with concentration of reactants. 
c) The morphology is independent on the concentration of gel, however it depends on the 
concentration of lower and upper reactants.  
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2)   X-ray powder diffraction makes known that the crystal structure of the grown material 
belongs to monoclinic system with centro-symmetric space group P21 /c. 
3) The EDAX confirm the presence of holmium as the rare-earth constituent of the grown 
material. 
4) The thermo-gravimetric analysis suggests that the gel grown holmium oxalate 
heptahydrate is associated with 7H2O molecules of water of hydration. The thermal 
decomposition in the nitrogen atmosphere leads to the formation of holmium-oxide as the 
final product. The results of thermal analysis suggest that the gel grown holmium oxalate 
heptahydrate crystals to be thermally unstable even at low energies. The decomposition 
starts at about 28°Cand the process continues up to 1050°C, after which it reduces to its 
oxide (Ho2O3). The total weight loss up to the oxide formation is about 47.5%. The 
dehydration of seven water molecules takes place in the temperature of 28°C - 200°C. 
5) The FT-IR spectra of the crystals indicate the presence of water and other functional 
groups associated with the oxalate ions. 
6) EDAX along with elemental analysis suggests that the stoichiometry of the gel grown 
crystals to be Ho2(C2O4)3  . 7 H2O. 
7) The decomposition reactions show exothermic as well as endothermic peaks. 
3.3.6 Morphology of Holmium oxalate heptahydrate Crystals  
 The habit of a crystal is determined by the slowest growing faces having the lowest 
surface energy. A number of factors such as degree of super saturation, type of solvent, pH of 
medium etc. affect the habit of a crystal. Well [122] observed that a change in the solvent 
results in the change in crystal habit. The pH of the gels also has considerable influence on the 
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growth rate of crystals which eventually changes the habit [123,124]. The most common cause 
of habit changes is the presence of impurities in the crystallizing solution [125]. Habit 
modifications with significant changes in the temperature are reported in the literature 
[126,127]. In order to study the habit faces the grown crystals of Holmium oxalate were 
subjected to a systematic morphological analysis. The crystals of Holmium oxalate were 
observed to show different morphologies. The different growth habits which were observed are 
prismatic, platy shaped, spherulites, dendrites and needles. The well-shaped crystals are grown 
towards the bottom of the test tube. The grown single crystals of holmium oxalate in the 
present work have the general hexagonal morphology with (010), (011), (0-11) and (001)   
planes as habit faces; and (100) face being most prominent.   The single crystals of Lanthanum-
Neodymium oxalate grown have been reported to have the general hexagonal morphology 
with (010),(110), and (001) planes as habit faces, the (001) faces being morphologically most 
dominant [128].  Figure 3.7shows  a single crystal of   holmium oxalate heptahydrate growing in 
agar gel in a crystallizer with following parameters : Upper reactant concentration 0.5M , lower 
reactant concentration 0.5M , gel concentration 1% w/v  and pH=1.5,  
 
Figure 3.7.A typical single crystal of holmium oxalate heptahydrate growing in a crystallizer in agar gel medium. 
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Fig. 3.8 shows the some of the single crystals of holmium oxalates growing in agar gel in a 
crystallizer with following growth parameters: Upper reactant concentration 1M, lower 
reactant concentration 0.75M, gel concentration 0.7 % w/v and pH=1.5. 
 
Figure3.8. Some single crystals of holmium oxalates growing in  agar gel in a crystallizer with growth parameters : Upper 
reactant 1M, lower reactant conc. : 0.75M, gel conc. : 0.7%  & pH : 1.5 
 
        Fig.3.9shows a single crystal of Holmium oxalate heptahydrate under an optical microscope 
andFig.3.10isthe schematic diagram illustrating the general morphology and the habit faces of 
the holmium oxalate heptahydrate single crystals grown in the agar gel. 
      
 
  
 
 
        
Figure 3.9. Optical photograph of holmium oxalate 
heptahydrate. 
Figure3.10. Schematic representation of general 
morphology of holmium oxalate hetahydrate 
crystals showing the prominent habit faces. 
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                  The morphology as depicted in Fig. 3.10was obtained by using the program 
KrystalShaper(http://www.jcrystal.com/products/krystalshaper/).  
Fig.3.11 , Fig.3.12 , Fig.3.13 , shows the (1 0 0 ), ( 0 1 1 ) and  ( 0 0 1 ) different faces of  holmium 
oxalate heptahydrate crystals respectively.  
                             
Fig. 3.11  HOP single crystal showing (100) face.                                            Fig. 3.12 HOP single crystal showing (011) face. 
 
 
 
                                                           Fig. 3.13   HOP single crystal showing (001) face. 
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              The needles like crystals of holmium oxalate grown in agar gel in a crystallizer are 
shown in fig.3.14. Needle like crystals were observed to grow under the following growth 
parameters: Upper reactant concentration 1.5M, lower reactant concentration 0.5M, gel 
concentration 1.5% w/v.  
 
 
 
Figure 3.14 Needle type holmium oxalate crystals grown in agar gel. 
 
Spherulitic  Morphology 
Spherulites are formed in the crystallization process of many substances, which are 
especially characteristic of substances consisting large molecules, particularly, polymers. This 
characteristic feature of a spherulite is due to no coincidence of one of the crystallographic axes 
with the direction of the molecule chains lying along the radius of spherulite [129]. The 
spherulites of holmium oxalate as shown in fig.3.15 were also observed to growing in agar gel in 
a crystallizer under very high super-saturation. The following growth parameters were observed 
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to be responsible for the formation of spherulites of holmium oxalate heptahydrate crystals: 
upper reactant concentration 1M, lower reactant concentration 1M, gel concentration          
0.7% w/v. 
 
Figure 3.15 Spherulite type holmium oxalate crystals 
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Chapter 4 
 
Growth and characterization of Holmium Barium Oxalate Crystals  
4.1 Introduction 
           Materials grown by gel technique in crystalline form and investigated such materials by 
doping them, with foreign impurities have been reported in the literature [1, 2]. The addition of 
foreign impurity ions potentially influences the growth kinetics, morphology and second 
harmonics efficiency of rare-earth   co-ordination compounds [3-6]. The structural transitions, 
variation in thermal stability and modifications in external morphology of crystals by doping are 
also reported in the literature [7-10]. Rare- earth co-ordination compounds shows rise in 
dielectric constant and shift in ferroelectric transition temperature by the doping of Mn is 
reported in the literature [11]. Alkaline earth phosphates were doped with divalent or trivalent 
cations, they form efficient fluorescent materials are reported in the literature [12, 13]. Now a 
days lithium doped materials are paid great attention because these materials find application 
in the field of solid state rechargeable batteries, optical acoustic devices, photorefractive and 
ferroelectric  materials [14-16]. It is also reported in the literature that Li+ dopants can change 
various properties of crystalline and non-crystalline materials to great extent [17]. In the 
present chapter the effect of doping of barium into the holmium oxalate is studied. 
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4.2 Experimental procedure  
4.2.1 Preparation of Agar gel 
 Extra pure agar powder (from Thomas Baker) was used to prepare the agar gel. The 
preparation of agar gel is same as that in the section 3.2.1, chapter3.The pH of the agar-oxalic 
acid solution was adjusted to an initial value of 2 by adding few drops of dilute nitric acid to the 
solution. The solution was then transferred to several glass tubes of length 20 cm and diameter 
2.5cm. The agar gel solution was set after few hours of their pouring in the tubes. 
4.2.2 Preparation of upper reactant solution 
 For the preparation of the upper reactant solution, holmium nitrate Ho3(NO3)3 99.9 % 
pure (from Terio Corporation, China)  and barium chloride BaCl2dihydrated(Thomas Baker)  
was used. Aqueous solution of desired molarities of holmium nitrate (0.04 M, 0.05M, 0.1M, 
0.3M, 0.4M) and barium chloride (0.1M, 0.2M, 0.4M, 0.5M) of equal volume was used as source 
of  holmium ions(Ho3+) and barium ions (Ba2+). After setting of the gel, an aqueous solution of 
holmium nitrate pentahydrate and barium chloride dehydrate  by equal volume with 
concentrations (0.04M,0.1M,0.3M &0.4M)  and  (0.1M, 0.2M, 0.4M & 0.5M)  respectively  was 
carefully poured  drop by drop over the set gels o as to avoid any gel breakage.The gel column 
acts as a penetrable medium which allows the free diffusion of ions. Depending on the variation 
in gel density,  concentration of reactants and amount of the feed solutions, the growth kinetics 
changes. The habits of the grown crystals were found to vary from crystalline precipitates   to 
well faceted single crystals. Growth parameters such as gel density, gel pH and concentration of 
reactants were manipulated to optimize the condition for getting maximum sized and good 
quality crystals. 
 The possible chemical reaction for the formation of holmium-barium oxalate is  
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         Ho(NO3)3 +  BaCl2 + 3C2H2O4Ho3                                      Ho3Ba2(C2O4)6.5 + HNO3+ HCl 
After pouring of upper reactant a little precipitation occurred at the gel/solution interface 
and after a period of about two weeks, the single crystals of holmium barium oxalate were 
observed to grow inside the gel column. The slow diffusion of Ho3+ ions and Ba2+ions through 
the narrow pores of the agar gel lead to reaction between these ions and the oxalate ions (C2O4)
-2, 
present in the gel as lower reactant. As in case of holmium oxalate, it was observed that the agar 
gels which have higher density have inhibitory effect on the crystal growth. The agar gel with 
concentrations in the range (0.7%w/v –1%w/v), was found suitable for growth of holmium-
barium oxalate. Single crystals with well-developed habit faces were obtained under the 
following conditions as shown in Table 4.1.  
Table 4.1: Growth parameters for single crystals of holmium barium oxalate. 
Growth  parameter  value 
Gel pH  
Gel conc.                            
   2 
1%w/v 
Oxalic acid .conc. 
Holmium nitrate conc. 
Barium chloride conc. 
0.5M 
0.4M 
0.1M 
Temperature 27 oC 
 
 
 
 
 
 
   
89 
 
       The effect of various growth parameters on the crystallization of holmium-barium oxalate is 
summarized in the table 4.2. 
Table 4.2 Detailed summary of experiments for the growth of holmium-barium oxalate in agar  
gels. 
S.No Experiment Constant 
Parameters 
Variable 
Parameters  
 
                    Results 
1 Variation of gel  
Concentration 
UR Conc.:  
(0.4MHoNO3+0.1MBaCl2) 
of equal volume 
 
LR Conc. : 0.5M 
 
Agar :OA=  2:1 
Gel Conc. 
( % w/v) 
0.5, 0.7, 1, 
1.5 
Morphology:(i) Initial negligible  
precipitate at gel solution interface.(ii) 
single crystal formation for gel conc. ≤ 
1% w/v.  
Size: Maximum size of single crystals at 
gel conc. of 1%w/v (size  ̴ 1mm×1.5mm 
× 1mm) 
Nucleation density: Minimum at gel 
concentration of 1.5% w/v and 
maximum at 0.5% w/v.         
2 Variation of LR 
concentration     
UR Conc.: 
(0.4MHoNO3+0.1MBaCl2
) of equal volume 
 
GelConc.:1%w/v 
Agar :OA =    2:1 
LR Conc. 
0.25M, 
0.5M, 
0.75M, 
1M  
Morphology :(i)Prismatic, platy shaped 
crystal formation at LR conc. 0.75M, 1M  
(ii) single crystal formation. 
Size: Maximum size of single crystals at 
LR Conc. of  0.5M (size  ̴ 1mm×1.5mm 
× 1mm) 
Nucleation density: Minimum at 0.25M 
and maximum at 1M.  
3 Variation of UR 
concentration 
LR Conc.: 0.5M 
 
GelConc.:1%w/v 
Agar :OA =    2:1  
 
 
UR Conc. 
(0.5 +0.1)M 
(0.4 +0.1)M 
(0.3 + 0.1)M 
(0.1 + 0.2)M 
(0.04+ 0.1)M 
 
Morphology:(i)Prismatic, platy shaped  
crystal formation UR 
conc.(0.04MHoNO3+0.1MBaCl2) of equal 
volume. 
  (ii) single crystal formation. 
Size: Maximum size of single crystals at 
UR Conc. of (0.4M HoNO3+0.1M BaCl2) 
(size ̴ 1mm×1.5mm × 1mm). 
Nucleation density: Minimum at 
(0.04HoNO3+ 0.1BaCl2)M    and  maximum 
at (0.5HoNO3 +0.1 BaCl2)M.  
 
̽ Concentration of agar gel (%w/v) , OA= oxalic acid, Agar : OA = ratio of agar and oxalic acid 
solutions by volume. LR=lower reactant, UR=upper reactant. 
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Figure 4.1 shows a photograph illustrating the growth of holmium barium oxalate single crystal 
growing in agar gel in a crystallizer. 
 
 
 
Fig.4.1 Single crystals  of holmium barium oxalate  growing in a crystallizer with growth parameters as: Gel conc. 
1% w/v , upper reactant conc. (0.4M HoNO3 + 0.1 BaCl2) of equal volume,  lower reactant conc. 0.5M  &  pH =2. 
           From the present experimental work it has been observed that well faced single crystals of 
holmium barium oxalate grow inside the gel. Prismatic platy shaped crystals were observed to 
grow for gel concentration of 1%w/v, lower reactant concentration 0.75M, upper reactant 
concentration of(0.04MHoNO3+0.1MBaCl2) of equal volume. The average  size of single crystals 
grown at different growth parameters were of the order of  ( 1mm×1.5mm × 1mm).It has been 
observed that the nucleation density varies inversely with gel density. Maximum nucleation 
density was observed at 0.5%w/v and minimum nucleation density at1.5%w/v. 
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4.3 Morphology of   Holmium Barium oxalate Crystals 
           The morphology of Holmium barium oxalate is different than that of the holmium oxalate 
crystals. The crystals of mixed holmium barium oxalate are perfectly hexagonal single crystals 
and prismatic. The change in the morphology may be due to the addition of barium. Fig 4.2 
shows single crystalsof holmium barium oxalate growing in agar gel in a crystallizer  with  
following growth parameters : Upper reactant concentration  0.4M of holmium nitrate and 
0.1M of barium chloride by equal volume , lower reactant concentration  0.5M  , gel 
concentration  1% w/v  and  pH = 2. 
 
Figure 4.2 Single crystals of holmium-barium oxalate growing in a crystallizer in agar gel medium 
               The typical single crystal of holmium-barium oxalate growing in a crystallizer with 
following parameters: Upper reactant conc.(0.4M HoNO3 + 0.1M BaCl2), lower reactant conc. 
0.5M, gel conc. 0.7%w/v is shown in figure 4.3. 
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Figure 4.3 typical single crystal of holmium-barium oxalate growing in a crystallizer in agar gel medium. 
              Under the following parameters viz: Upper reactant concentration (0.4M HoNO3 + 0.1 
BaCl2) of equal volume, lower reactant concentration 0.75M , gel concentration 1% w/v& pH 
=2, prismatic platy shaped crystals were observed to grow in the agar gel. Fig.4.4 shows the 
some of the prismatic platy shaped crystals of holmium-barium oxalate growing in agar gel in a 
crystallizer.  
 
Figure 4.4 Some prismatic platy shaped holmium barium oxalates growing in agar gel in a crystallizer with 
growth parameters: Upper reactant (0.4M HoNO3 + 0.1 BaCl2) , lower reactant conc. : 0.75M, gel conc.: 1%w/v   
& pH : 1.5 
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4.4 Characterization of Holmium Barium Oxalate  
 
              The crystals are grown to understand their scientific and technological usefulness. After 
the crystal growth, a thorough characterization of the obtained materials is necessary. It is 
almost impossible to understand the properties of a material and consequently, its proper 
applications, if we do not know its composition, structure and morphology. A task of 
importance in all the material sciences is characterization. Characterization is the measurement 
of chemical and physical properties of materials. The holmium-barium oxalate crystals were 
characterized by  powder  X- ray diffraction, energy dispersive X-ray analysis and CHN analysis. 
4.4.1 Powder X-ray Diffraction Studies 
 
              Powder X-ray diffraction analysis of grown crystals in the present work were obtained 
using a  Bruker D8 advance X-ray diffractometer with Cu Kα radiation (λ = 1.5406 Å).  The 
powder diffractogram of holmium barium oxalate crystals is shown in Fig.4.5. The occurrence of 
peaks at specific Bragg angles indicates crystallinity of the holmium barium oxalate is a 
crystalline solid. The powder X-ray diffraction pattern of Holmium Barium oxalate was analyzed 
by using the powder indexing program DICVOL04 [18]. The X-ray powder diffraction analysis 
confirmed that holmium barium oxalate crystal belongs to the monoclinic system with space 
group P2/c. This space group belongs to a centro-symmetric class of crystals. The lattice 
parameters were evaluated and the volume of the unit cell was calculated from the unit cell 
dimensions and is given below in Table 4.3. Table 4.4 gives the comparison of unit cell 
parameters of holmium oxalate and holmium-barium oxalate. The Table 4.4 shows the powder 
X-ray diffraction data for holmium barium oxalate crystals and Table 4.5 shows the observed  
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‘d’ values and  observed & calculated 2Ɵ values. The miller indices corresponding to each 
reflection is also shown in Table 4.5. 
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Figure 4.5 Powder X-ray diffraction of holmium barium oxalate crystals 
Table4.3. Calculated unit cell parameters. 
 
 
 
 
 
 
  
 
Chemical formula Ho3Ba2(C2O4)6.5 .15H2O  
Space group P2/c 
Lattice Monoclinic 
a 20.457 Å 
b 11.193 Å  
c 11.193 Å  
α 90o 
β   110.52o  
γ 90o 
V  2758.8 Å 3 
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Table 4.4 Comparison of unit cell parameters of holmium oxalate and holmium-barium oxalate. 
Cell parameter  Value  Value  
Chemical formula Ho2(C2O4)3.7H2O Ho3Ba2(C2O4)6.5.15H2O  
Space group P21 /c P2/c 
Lattice Monoclinic Monoclinic 
a 12.197 Å 20.457 Å 
b 11.714 Å 11.193 Å  
c 6.479 Å 11.193 Å  
α 90o 90o 
β   120.12o 110.52o  
γ 90o 90o 
V 799.6 Å3 
 
 2758.8 Å3 
 
             
          From the above comparison it is clear that both holmium oxalate and holmium-barium 
oxalate crystals belong to the monoclinic system with space group P21 /c and P2/c respectively. 
The space group of holmium-barium oxalate is different from pure holmium oxalate due to the 
substitution of barium in the lattice. The space group of holmium oxalate and holmium barium 
oxalate belongs to centro-symmetric class of crystals. The lattice parameters ‘a’ and ‘c’ are 
almost twice in case of holmium-barium oxalate than that of holmium oxalate. While as the 
lattice parameter b is near about same in both the crystals. The cell parameters α and γ are also 
same in both holmium oxalate and barium doped holmium oxalate crystals, while as ‘β’ is near 
about same. Unit cell volume of holmium-barium oxalate is three and half times than that of 
volume of unit cell of holmium oxalate, this is also due to the substitution of barium in the 
lattice. 
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Table 4.4. Powder X-ray diffraction data for barium-holmium oxalate crystals
    2Ɵ Relative 
intensity 
3.145 1.7 
3.223 1.4 
3.397 0.6 
3.558 1 
3.618 1.3 
3.715 0.7 
3.827 0.7 
3.909 1 
4.073 1.5 
4.243 2 
4.361 1.7 
4.47 1.5 
4.569 1.5 
4.867 0.9 
4.986 1.2 
5.09 1.4 
5.266 2 
5.384 1.2 
5.585 2.2 
5.935 1.6 
6.036 1.9 
6.34 2 
6.635 1.1 
6.734 1.1 
6.86 1.7 
7 2.1 
7.165 1.4 
7.291 1.4 
7.467 1.7 
7.536 1.7 
7.648 1.2 
7.772 0.9 
7.963 1.6 
8.065 1.8 
8.125 1.7 
8.434 1 
8.547 1.4 
9.128 49.6 
9.357 3.5 
9.635 1.3 
9.763 1.8 
10.006 2 
10.28 1.5 
10.359 1.6 
11.195 13.1 
11.484 1.2 
    2Ɵ Relative 
intensity 
11.763 1.4 
12.146 11.4 
12.416 1.1 
12.481 1.3 
12.681 0.8 
12.838 1.9 
13.098 10.7 
13.265 9.8 
13.996 13.9 
14.411 17.8 
14.721 1.2 
14.799 1.2 
14.915 1.1 
15.042 1.1 
15.211 1.3 
15.355 4.3 
15.457 6.4 
15.894 74.6 
16.197 1.1 
16.488 1.1 
16.547 1.1 
16.674 1.2 
16.728 1.2 
16.845 1.1 
16.945 1.2 
17.064 1.1 
17.819 1 
18.153 25.9 
18.415 20.3 
18.567 55.7 
18.801 100 
19.102 13.2 
19.368 5.2 
19.819 14 
20.128 0.8 
20.339 6 
20.58 2.3 
20.8 13.4 
21.096 1.4 
21.275 4.1 
21.384 5.1 
21.752 1 
21.95 2.9 
22.119 6.2 
22.674 1.8 
22.943 1.4 
    2Ɵ Relative 
intensity 
23.281 5 
23.565 63.5 
24.082 4.6 
24.59 1.9 
24.863 7.4 
25.174 1 
25.49 2.4 
25.627 1.7 
26.032 3.4 
26.258 7.1 
26.668 1 
26.797 0.7 
27.092 14.6 
27.314 4.9 
27.621 4.6 
27.905 2.1 
28.373 5.4 
28.699 7 
29.008 3.4 
29.32 2.4 
29.491 4.6 
29.941 6.5 
30.361 14.7 
30.887 7.8 
31.286 6.1 
31.525 1.3 
31.812 28.5 
32.388 27.4 
33.023 5.8 
33.441 15.7 
33.856 14.9 
34.173 0.4 
34.286 0.6 
34.446 1.5 
34.717 24.1 
35.093 17.3 
35.756 12.9 
36.075 0.2 
36.439 9.8 
36.738 2.4 
37.001 2.3 
37.087 2.1 
37.226 2 
37.793 3.7 
38.104 0.7 
38.279 0.6 
    2Ɵ Relative 
intensity 
38.656 1.9 
38.755 2.8 
38.855 3.3 
38.914 3.5 
39.17 16.4 
39.55 2 
39.886 8.4 
40.229 0.9 
40.543 2.2 
40.639 3.2 
41.029 10.6 
41.238 5 
41.695 2.7 
41.899 2.3 
41.983 2.4 
42.132 1.9 
42.351 3.1 
42.522 11.2 
42.629 9.1 
42.937 1.5 
43.006 1.2 
43.181 1 
43.384 2.6 
43.495 3.7 
43.9 6.7 
44 8 
44.1 8.7 
44.565 5.3 
44.834 17.6 
44.961 27.4 
45.7 14.3 
46.012 7.7 
46.383 1 
46.571 2 
46.855 16.5 
47.019 7.2 
47.408 10.4 
47.868 5.8 
48.052 2.8 
48.428 14.5 
48.979 4.3 
49.42 2.9 
49.506 3.6 
49.652 5.9 
49.78 4.2 
50.222 4.5 
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    2Ɵ Relative 
intensity 
50.515 2.5 
50.81 2.3 
51.181 8 
51.786 2.7 
51.91 3.3 
52.025 3.5 
52.144 4.1 
52.244 4.4 
52.561 1.1 
52.698 0.4 
52.817 1 
52.893 1.3 
53.175 7.8 
53.336 3.9 
53.675 2.4 
53.738 2.4 
54.148 3.3 
54.527 1.2 
54.59 1.2 
54.776 1.3 
55.051 2.8 
55.539 5.5 
55.882 1.9 
56.057 1.6 
56.216 0.9 
56.324 0.9 
56.415 0.7 
56.534 0.4 
56.633 0.5 
56.845 1.1 
57.039 1.3 
57.145 1.2 
57.348 0.9 
57.554 1.9 
57.631 1.9 
57.97 2.3 
58.302 1.7 
58.48 1.3 
58.6 1.7 
58.718 2.2 
58.911 5.4 
    2Ɵ Relative 
intensity 
59.37 1.3 
59.572 2 
59.662 2.1 
59.752 1.8 
59.952 0.9 
60.147 1.7 
60.268 1.7 
60.454 1.3 
60.824 0.7 
61.034 2.4 
61.122 2.2 
61.321 2.3 
61.44 3.2 
61.52 3.7 
61.797 4.5 
62.149 0.9 
62.301 0.8 
62.452 1.1 
62.553 1.2 
62.716 1.8 
62.87 1.3 
63.021 2.5 
63.171 2.1 
63.268 1.8 
63.378 1.7 
63.466 1.7 
63.592 1.5 
63.664 1.8 
64.107 0.9 
64.429 2.3 
64.846 3.1 
64.976 2.3 
65.115 1.5 
65.462 3 
65.673 3.1 
66.208 2.1 
66.366 1.2 
66.565 1.6 
66.657 2.1 
66.764 1.9 
66.863 1.8 
    2Ɵ Relative 
intensity 
67.141 1.6 
67.247 0.9 
67.591 2.8 
67.717 2.3 
67.797 2 
67.916 2.1 
67.959 2.2 
68.356 0.9 
68.416 1 
68.73 1.3 
68.79 1.6 
69.013 3 
69.386 1.5 
69.627 2.6 
69.904 2.5 
70.187 2 
70.478 1 
70.703 0.8 
70.776 0.8 
70.997 1.1 
71.176 1.5 
71.257 1.7 
71.352 1.4 
71.599 0.9 
71.731 1.2 
71.918 2.3 
72.042 2.2 
72.187 1.6 
72.663 0.7 
72.783 1.1 
72.872 1.6 
73.082 1 
73.299 0.8 
73.416 1.3 
73.597 1.1 
73.855 0.8 
74.055 1.3 
74.137 1.5 
74.346 1.1 
74.451 1.7 
74.625 3.8 
    2Ɵ Relative 
intensity 
75.09 1.2 
75.247 1.4 
75.709 0.9 
75.85 0.8 
75.961 0.8 
76.074 0.8 
76.159 0.7 
76.358 1.4 
76.438 1.9 
76.52 2.1 
76.64 2.1 
76.815 1.8 
76.974 1.4 
77.033 1.3 
77.471 1.3 
77.535 1.4 
77.649 1.8 
77.716 1.9 
77.967 1.4 
78.261 1.6 
78.368 2 
78.496 1.7 
78.744 1.3 
78.815 1.4 
78.942 1.6 
79.04 1.4 
79.119 1.2 
79.216 1.2 
79.314 0.8 
79.624 1.2 
79.775 1.1 
79.865 1 
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       Table 4.5    Observed  d-values,  observed & calculated  2Ɵ-values, miller indices  & relative 
intensity of holmium-barium oxalate crystals. 
S. No d(A
o
) 2Ɵ(in degree) 
     observed 
2Ɵ (in degree)  
calculated 
I/Imax hkl 
1 9.68931 9.120 9.143 49.6 -1 1 0 
2 8.21313 10.763 10.780 9.9 -11 1 
3 7.28621 12.137 12.151 11.4 -2 1 0 
4 6.45341 13.711 13.667 70 -3 0 1 
5 5.57289 15.890 15.888 74.6 -1 1 2 
6 5.10790 17.347 17.347 8.3 3 0 1 
7 4.73180 18.738 18.720 100 -2 2 1 
8 4.27196 20.776 20.783 13.4 2 1 2 
9 4.01659 22.113 22.177 6.2 -3 0 3 
10 3.77325 23.559 23.562 63.5 3 2 1 
11 3.57679 24.873 24.891 7.4 -5 1 2  
12 3.39480 26.230 26.224 7.1 5 0 1 
13 3.28719 27.105 27.103 14.6 2 1 3 
14 2.98439 29.916 29.926 6.5 -4 3 1 
15 2.80965 31.824 31.804 28.5 -1 3 3 
16 2.67734 33.442 33.432 15.7 1 4 1 
17 2.57842  34.765 34.769 24.1  5  2 2  
18 2.46373  36.439 36.458 9.8 7  1  1 
19 2.29845  39.162 39.177 2 1  3  4 
20 2.19659  41.058 41.057 10.6 2  3  4 
21 2.12390  42.530 42.517 11.2 5  0  4 
22 2.01440  44.964 44.960 27.4 2  5  2 
23 1.93770  46.848 46.932 16.5 -10 13   
24 1.81498  50.227 50.209 4.5 -8  4  3 
25 1.74967  52.240 52.245 4.4 -10 3 1  
26 1.72151  53.161 53.174 7.8 -7  0  7 
27 1.65365  55.526 55.445 5.5 8   1   4  
28 1.56533   58.958 59.018 5.4 -10  4 4 
29 1.50106   61.750 61.759 4.5 -12  2 5 
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4.4.2 Energy Dispersive X-ray Analysis 
              In order to confirm the presence of holmium and barium in the grown crystal, energy 
dispersive x-ray analysis (EDAX) was carried out on a typical single crystal of holmium-barium 
oxalate using energy dispersive spectrometer (OXFORD ISIS-300 system) attached to a scanning 
electron microscope JEOL JSM-5800. Fig. 4.6 shows the EDAX spectrum of a single crystal of 
holmium-barium oxalate. The presence of holmium and barium was established from its 
characteristics peaks in the EDAX spectrum. The atomic and weight percentage of holmium and 
barium is obtained by EDAX as given in Table 4.5. 
 
 
 
  Fig 4.6.EDAX spectrum of single crystal of holmium-barium oxalate 
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      Table 4.5 Atomic and Weight percentage of Holmium and Barium as obtained by EDAX  of  
holmium barium oxalate single crystal. 
Element Calculated  
Relative weight, % 
Calculated  
Relative Atomic ,% 
Experimental 
Relative weight, %  
Experimental 
Relative Atomic , %  
Ho 64.30% 60% 61.57% 57.17% 
Ba 35.69% 40% 38.43% 42.83% 
 
It is clear from the EDAX spectrum that holmium and barium is present in the grown material. 
4.4.3 CHN analyses 
In the present investigation carbon and hydrogen contents in the grown crystals were 
determined by using Vario-EL III CHNS-analyzer. Table 4.6 shows the results of carbon-
hydrogen analysis. Carbon and hydrogen analysis was carried out to determine the 
percentage composition of carbon and hydrogen.. The percentage composition of C and H 
in the proposed formula agrees well with the corresponding values which were determined 
experimentally. 
Table 4.6 shows the results of CHN analysis of the single crystals of holmium barium oxalate. 
Element Percentage composition  
Experimental 
Percentage composition 
Calculated 
Carbon 9.75%  9.68%         
Hydrogen 1.8 8%   1.87%  
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4.4.4 Elemental Composition of Holmium-Barium Oxalate 
             The atomic and weight percentage of holmium and barium as obtained by EDAX is shown 
in Table 4.5.  From EDAX, experimentally observed relative atomic percentage of holmium and 
barium are 57.17% and 42.83%, while as calculated relative atomic percentage of holmium and 
barium as per the formula Ho3Ba2(C2O4)6.5 .15H2O are 60% and 40%. The experimental relative 
weight percentage of holmium and barium are 61.57% and 38.43%, while as calculated relative 
weight percentage of holmium and barium are 64.30% and 35.69%. The EDAX analysis shows 
that the observed ratio of atomic percentage of holmium to barium is 1.33, which is close to the 
calculated ratio 1:5. 
           From the CHN analysis, the percentage composition of carbon and hydrogen are 9.68% 
and 1.87% calculated as per the formula Ho3Ba2(C2O4)6.5 .15H2O, while as the experimentally 
observed percentage composition of carbon and hydrogen are 9.75% and 1.88%.The 
percentage composition of C and H as determined experimentally by CHN analysis together 
with the EDAX results suggest that the chemical formula of the single crystals of holmium-
barium oxalate to be   Ho3Ba2(C2O4)6.5 .15H2O. 
Conclusions:  
 1) The agar gel system involving the use of barium chloride and holmium nitrate as the upper 
reactants and agar gel impregnated with oxalic acid as the lower reactant, results in the 
crystallization of holmium doped barium oxalate (Ho3Ba2(C2O4)6.5 .15H2O). The crystals were 
grown by means of single gel diffusion method at temperature of 27oC. 
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 2) X-ray powder diffraction reveals the crystallinity of the holmium-barium oxalate. The cell 
parameters and the space group of crystals of holmium-barium oxalate are also obtained by     
X-ray powder diffraction. It is confirmed that holmium-barium oxalate belongs to monoclinic 
system with centrosymmetric space group P2/c.  
3) The EDAX confirm the presence of holmium and barium in the grown crystal.  
4) EDAX along with elemental analysis suggests that the stoichiometry of the gel grown 
holmium-barium oxalate crystal to be Ho3Ba2(C2O4)6.5 .15H2O. 
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Chapter 5 
 
 
 
General Conclusions                     
            Rare- earth oxalates have very poor solubility in water, because rare-earth ions form 
insoluble precipitation with oxalate ions. That is why the gel diffusion method, one among the 
low temperature growth techniques is most suitable technique for getting perfect single 
crystals of these compounds. Hence  in the present work gel diffusion technique been 
employed to grow holmium oxalate heptahydrate and holmium-barium oxalate crystals. The 
single crystals of holmium oxalate heptahydrate and holmium-barium oxalate are grown by 
single gel diffusion technique using organic agar gel as a medium of growth. The crystals are 
grown at temperature of 27 oC. Optimum conditions for the growth of holmium oxalate 
heptahydrate were worked out and it was found that for the following growth parameters: gel 
conc. 1%w/v, upper reactant conc. 0.5M, lower reactant conc. 0.5M,  pH = 1.5, good quality 
single crystals were obtained. For the growth of holmium-barium oxalate, the optimum 
conditions were also worked out and it was found that the following growth parameters: gel 
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conc. 0.7%w/v, lower reactant conc. 0.5M, upper reactant conc. (0.04MHoNO3+0.1MBaCl2 ), pH= 
2 were suitable for the growth of good quality single crystals . 
              The grown crystals were characterized by various techniques. The crystallinity of the 
grown crystals was confirmed by the X-ray powder diffraction method. The holmium oxalate 
heptahydrate and holmium-barium oxalate crystals belong to monoclinic system with space 
groups P21 /c and P2/c respectively. The presence and percentage composition of rare- earth 
elements is confirmed from their characteristic peaks in the EDAX spectrum. The thermo-
gravimetric analysis of pure holmium oxalate suggests that the gel grown single crystals are 
associated with 7H2O molecules of water of crystallization. The FT-IR   spectra of the holmium-
oxalate heptahydrate crystals indicate the presence of water and other functional groups 
associated with the oxalate ions. The chemical formula proposed for the grown crystals of 
holmium-oxalate heptahydrate and holmium-barium oxalate are Ho2(C2O4)3 .7 H2O and  
Ho3Ba2(C2O4)6.5 .15H2O respectively. 
Scope of Future Work 
             The studies on pure rare-earth oxalates as well as on alkaline substituted rare-earth 
oxalates reveals that they have lot of potentialities in various applications due to their 
magnetic, luminescent and dielectric properties.  Barium doped holmium oxalate crystals grown 
in the present work bear the centrosymmetric space group P2/c. The dielectric properties could 
be done in details. The conductivity study of rare-earth oxalates especially at low temperature 
is of great importance due to their applications in high temperature superconductivity. The 
possibility of using these samples for magnetic applications, electromagnetic shielding etc., can 
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be explored. The usefulness of these crystals in the preparation of microwave absorbing 
materials can studied in detail. 
         The results obtained in the present work have been compiled in to a research paper, which 
was submitted to the international open access journal and was accepted in journal of 
crystallization process and technology [1].  
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